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Swinburn Volcanic Complex is the remnant of a Miocene volcano, forming part of the Dunedin Volcanic 
Group (~ 24 - 9Ma), on the South Island of New Zealand. It is part of the Waipiata Volcanic Field, and 
its basalts are distinct from most others in that field. New analyses of Swinburn rocks, which have only 
very few mantle nodules, are compared with other new data from peridotite-bearing basanites collected 
from different volcanic rocks of Dunedin Volcanic Group. Swinburn basaltic rocks are geochemically 
and isotopically different than any other rock so far described from the intraplate Waipiata Volcanic 
Field or the Dunedin Volcanic Complex. I have identified geochemical and isotopic affinities (e.g. high 
207Pb/204Pb trend together with lower trace element concentrations) of Swinburn rocks with those formed 
from Cretaceous basaltic magmas elsewhere in Zealandia and the Hikurangi Plateau. Percolation 
processes have: a) metasomatized the lithosphere, leaving strong geochemical imprints (e.g. carbonatite, 
OIB and HIMU-like), b) locally modified the thermal gradient c) produced metasomatic cumulates 
(amphibole-bearing veins and/or pyroxenites) which have major and trace-element compositions 
suitable for the mantle source that fed the Dunedin Volcanic Group. Within the footprint of this Group, 
Swinburn Volcanic Complex is an anomaly. Under the Swinburn Complex, percolating fluids interacted 
with one part of the lithospheric mantle that had been already metasomatized by Cretaceous melts. The 
combination of Cretaceous and Miocene percolation through the same mantle domain formed the 
distinctive geochemistry of Miocene Swinburn magmas.  
Petrographic and geochemical differences among samples from Swinburn also reveal that more than 
one batch of magma was involved in the formation of the complex. By combining field evidence with 
new geochemical data, two effusive eruptions or eruptive periods are inferred, separated an episode of 
magma intrusion.  
Reversed polarity of the magnetic field at the time of Swinburn effusion and intrusion activity was 
identified by paleomagnetic analysis. A magnetometer survey suggests the presence of several buried 
features. 
There are pegmatitic domains in the Swinburn basaltic rocks. Compaction of a crystal mush, together 
with the buoyant separation of residual melt rich in dissolved volatiles, is interpreted as the main 
mechanism driving the upward movement of Swinburn segregation domains and the formation of those 
segregation veins and domains.  
Results of this multidisciplinary analysis of the Swinburn Volcanic Complex, based on petrographic, 
mineralogical, geochemical and geophysical investigations are summarised below.  
1) Older pyroclastic rocks, and the majority of the exposed vesicular lavas, represent the first activity of 
the complex, whereas younger pyroclastic products and a lava exposed in the western part of the 
complex (G7) formed during the last event.  
2) The Swinburn body was emplaced during two effusive events by the intrusion of two batches of 
magma with similar composition. The higher amount of magnetic minerals forming the rocks of the 
Main body explains the inhomogeneous magnetic signal showed by my newly produced 3D magnetic 
map of the area. The association of magnetic profiles with cross sections unveiled several buried features 
such as a fault, possible thickness variations in the body, and places where Quarry and Main rocks 
overlap.  
3) Compaction together with the buoyant rise of volatile-rich residual melt are interpreted to have been 
the main mechanisms driving upward movement of segregated residual liquids to form pegmatitic 
domains and veins. Compaction of the lower and central parts of the emplaced magma body caused 
dilatation and tearing in the upper crystallising front, which were filled by residual liquid to form 
segregation veins. 
VI 
4) The concentration of major and trace elements is similar for plagioclases and clinopyroxenes 
crystallised near the top and bottom of the body but different for mineral crystallised near the mid-level 
of it. These differences reflect slower cooling of the interior of the body, furthest from basal and top 
cooling surfaces.  
 
The comparison of Swinburn features with those of volcanoes elsewhere worldwide sheds light on 
processes that regulate the origin of melts, and formation of segregation products during cooling of 
emplaced magmas. Following the main aim to determine the volcanic evolution and processes of the 
Swinburn Volcanic Complex and how it impacts on the wider volcanological perspective, this study 
demonstrates that even inside a broadly monogenetic volcanic field, individual volcanic complexes may 
be products of multiple eruptions. They can preserve significant local heterogeneities and magma source 
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CHAPTER 1 – INTRODUCTION 
 
1.1 Overview of monogenetic and polygenetic volcanism 
Monogenetic volcanic fields contain small volcanoes that are the most common volcanic landforms in 
continental regions, more abundant than central volcanic edifices (Cas and Wright 1987; Wohletz and 
Heiken, 1992; Vespermann and Schmincke, 2000; Schmincke, 2004; Lorenz, 2007). Volcanic fields 
consist of clusters of individual volcanoes with diverse landforms, including cinder and scoria cones, 
spatter ramparts, lava domes, lava fields, tuff cones, tuff rings and maars-diatremes. Several eruptive 
styles ranging from effusive, to Hawaiian and (violent-) Strombolian, to phreatomagmatic eruptions, 
characterise volcanic fields (e.g. Connor and Conway, 2000; Valentine et al., 2006; Valentine, 2012). 
Some examples of volcanic fields, which have been studied broadly and in detail, include Auckland 
Volcanic Field in New Zealand (Huang, 1997; Bebbington and Cronin, 2010; Needham et al., 2011;), 
Newer Volcanic Province in Australia (Vogel, 1996; Price et al., 1997; Matchan and Phillips, 2011), 
East and West Eifel in Germany (Schmincke et al., 1983), Campi Flegrei in Italy (Perrotta and Scarpati, 
1994; Civetta et al., 1997), Gross Brukkaros in Namibia (Kurszlaukis and Lorenz, Kurszlaukis et al., 
1998), Hopi Buttes in Arizona (Hack, 1942; Shoemaker, 1962; White, 1991; Ort et al., 1998, Re et al., 
2017), San Francisco Volcanic Field in Arizona (Tanaka et al., 1986; Conway et al., 1998), Cima 
Volcanic Field in California (Dohrenwend et al., 1986) and the Transmexican Volcanic Belt in Mexico 
(Hasenaka and Carmichael, 1987).  
Volcanic fields are most commonly formed by magmas of alkaline basaltic composition, and can occur 
in every tectonic setting (Valentine and Gregg, 2008; Németh, 2010). They may develop as loose 
clusters or alignments of small-volume volcanoes such as at Hopi Buttes in Arizona (White, 1991) or 
around a central volcano, such as the volcanic field around Lamongan, in Java (Carn, 2000).  
Polygenetic volcanoes are less abundant than monogenetic ones, but their origin must be understood in 
volcanic areas where both monogenetic and polygenetic volcanoes are present, such as the Otago region 
in New Zealand (e.g. Coombs et al., 1986, 2008). A composite volcano is characterized by repeated 
eruptions, fed with a sufficiently large and persistent supply of magma. The upward movement of the 
magma follows the same still-hot pathway of the preceding batch, providing opportunities for magma 
coalescence into crustal chambers at neutral buoyancy levels. Differently, individual monogenetic 
volcanoes typically develop over the course of episodic and relatively small-volume (0.01 - 0.2 km3) 
eruptions; their activity is characterised by relatively short eruptions from multiple vents which can last 
over several days to years or even decades (Kereszturi and Nemeth, 2012). Although the magma output 
of an individual monogenetic centre can be 1 to 3 order of magnitudes lower than that of a polygenetic 
volcano, the cumulative volumes of an entire volcanic field, emplaced over millions of years and 
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including hundreds to thousands of individual monogenetic volcanoes, is almost equivalent (Connor and 
Conway, 2000; Németh, 2010; Le Corvec, 2013). Magma movement and diversion in the subsurface is 
influenced by the basement geometry, modification of the local stress regime, the local topography and 
the existence of stress barriers related to structural discontinuities and rheological changes in 
stratigraphic successions (Tibaldi, 2003; Gudmundsson and Brenner, 2004; Acocella and Tibaldi, 2005; 
Kavanagh et al., 2006; Gudmundsson, 2011; Tibaldi et al., 2014).  
Recent studies have highlighted several complications of monogenetic volcanism. In particular cases, 
small monogenetic volcanoes exhibit a complex architecture with contrasting stratigraphic units, as well 
as different geochemical compositions. It has been confirmed that the eruptive units are sometimes 
deposited periodically, separated by short or even prolonged inactive periods between eruptive events 
(e.g. Jakobsson, 1968; White and Schmincke, 1999; Klügel et al., 2000; Keating et al., 2008; Diez et al., 
2009; Brenna et al., 2010, 2011; Maicher, 2003; Moorhouse et al., 2015; Tchamabé et al., 2016).  
Despite the abundance of continental alkaline basaltic volcanic fields, systematic studies that 
simultaneously address the petrographic, mineralogical, geochemical and geophysical features are 
relatively uncommon. Starting from a local complex (Swinburn Volcanic Complex), this PhD project 
analyses all these features in order to investigate the Miocene Dunedin Volcanic Group magmatism, 
which produced both monogenetic and polygenetic volcanoes in the South Island of New Zealand,  
 
1.2 Thesis motivation, research aim and objectives 
Systematic studies of old volcanic fields can provide new insights into vent evolution, eruption 
mechanisms and paleoenvironment. Erosion exposes the internal architecture of monogenetic 
volcanoes, revealing volcanic lithofacies that provide important information on the eruptive mechanisms 
involved in construction of the volcanoes (Valentine et al., 2005; Valentine et al., 2006; Valentine and 
Keating, 2007; Keating et al., 2008). The age-distribution pattern of centres in a monogenetic volcanic 
field can be used for probabilistic eruption forecasting, determining the structural architecture of the 
volcanic field as a whole, and understanding the overall plumbing system that feeds the volcanic field 
(Connor, 1990; Connor and Hill, 1995; Condit and Connor, 1996; D'Orazio et al., 2000; Mazzarini, 
2004; Magill and Blong, 2005; Mazzarini et al., 2008). 
Naples, Italy (metro population ~3.5M); Auckland, New Zealand; Michoacan-Guanajuato, Mexico; 
Yucca Mountain, Nevada (Near Las Vegas, USA; metro population ~2.25 M); San Francisco, Arizona; 
Al-Madinah, Saudi Arabia (~1.25 M) are only a few examples of sites and cities worldwide which are 
highly vulnerable to future volcanic-field eruptions. The increase of population and infrastructures, even 
in remote areas, reinforces the necessity to better understand all the processes related to the formation 
and evolution of both volcanic fields and composite volcanoes.   
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Research at Swinburn Volcanic Complex and associated volcanic remnants has been performed to 
determine the volcanic evolution and processes of the Swinburn Volcanic Complex and how it impacts 
on the wider volcanological perspective. Such determination represents the main aim of the thesis.  
The objectives used to achieve the thesis aim were: 
The characterization of the mantle sources connecting the continental (Zealandia, Hikurangi 
Plateau) and the regional (Dunedin Volcanic Group) scale. Swinburn Volcanic Complex isotopic 
mantle heterogeneities were compared with similar ones, previously detected inside and outside the 
Zealandia micro-continent. Starting from a local geochemical characterization to achieve a wider 
understanding of the continental magmatism. 
The improvement of the geochemical dataset of the area. New systematic and detailed 
geochemical analysis of the most meaningful volcanic rocks forming the Dunedin Volcanic Group 
were performed. Major, trace element and isotope analysis of magmas which were not significantly 
affected by crystal fractionation and/or crustal contamination during their ascent, can reveal whether 
a volcanic centre (e.g. Swinburn Volcanic Complex) and its neighbors were derived from the same 
parent magma. An improved dataset can give new information on the nature of processes occurring 
in the underlying mantle at that time. 
The understanding of magma crystallization in particular conditions. Geochemical analysis, 
including geothermometry and geohygrometry calculations, can allow inference of equilibrium 
crystal compositions. This data is used to address which parameters (e.g. slow cooling rate and/or 
high concentrations of water) were most important during magma transport, eruption and cooling. 
The reconstruction of the evolution of the Swinburn Volcanic Complex, and apply this to 
polygenetic complexes, globally. Detailed field mapping combined with geochemical analysis and 
geophysical studies has helped to reconstruct the eruptive history of Swinburn volcanic centre and 
how its progressive evolution was affected by a dynamic tectonic setting. 
Swinburn Volcanic Complex was chosen as topic of this research project for the following reasons: 
• Because it is the largest volcanic centre in the Waipiata Volcanic Field but it has undergone 
little field, geochemical and geophysical investigations; 
• Because field evidence indicates a multiple activity of Swinburn Volcanic Complex, which took 
place inside a monogenetic volcanic field such us the Waipiata Volcanic Field; 
• Because its basalts are distinct from most others in that field. They present several distinctive 
features such as coarse grained texture, segregation structures and a low amount of mantle-
derived xenoliths; 
• Because of the complex stratigraphic relationships among pyroclastic rocks, coarse grained 
basalts and vesicular lavas. 
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1.3 Thesis structure 
This thesis comprises nine chapters, three of which (4, 7 & 8) correspond to manuscripts at different 
stages of readiness for submission to journals for publication. The chapters address the main objectives 
of this research from different perspectives, in order to develop conceptual models about magma 
formation-, emplacement- and crystallisation-related processes. These models are intended to reveal the 
processes that occurred during activity of Swinburn Volcanic Complex, its main features, and its 
relationships with the other volcanoes forming the Dunedin Volcanic Group (DVG) and other South 
Island intraplate centres. Analysing the distinctive and hitherto unexplained features of Swinburn 
Volcanic Complex is the main focus. Results newly obtained during this study have been added to 
previous datasets in order to have a wider view of the possible magmatic processes occurring during and 
after the Swinburn Volcanic Complex eruption(s), and to figure out the origin of Miocene magmatism 
across the South Island of New Zealand. 
Chapter 1 is an introductory chapter providing the main motivations which drove the thesis research. 
The presented aims include improved understanding of the mechanisms by which coarsely crystalline 
rocks form, and provision of new geochemical data relevant to evaluation of possible mantle sources for 
South Island, New Zealand, intraplate magmatism. 
Chapter 2 gives a summary of intraplate volcanism in the South Island of New Zealand. It reviews 
previously proposed models positing asthenospheric and/or lithospheric origins of late Cretaceous-
Cenozoic Zealandia intraplate magmas. Then, it focuses on the geological background of the studied 
area including Swinburn Volcanic Complex, providing an overview of the most relevant tectonic events 
and associated regional faulting and folding. It concludes with a summary of the sedimentary succession 
that both underlies and overlies the Swinburn Volcanic Complex. 
Chapter 3 presents the timing, location and the general characteristics of the two members formed by 
Dunedin Volcanic Group volcanism. First, detailed descriptions of the features of Waipiata Volcanic 
Field and Dunedin Volcanic Complex, are provided. Then, the main characteristics of the two members 
are compared and their differences underlined. The chapter closes with an overview of previous work 
characterising geochemical and isotopic characteristics of the possible asthenospheric and/or 
lithospheric mantle source for the Dunedin Volcanic Group magmas. 
Chapter 4 focuses on the petrography, mineralogy and geochemistry of the Swinburn Volcanic 
Complex rocks and other Peridotite Bearing Basalts (PBBs) in the Dunedin Volcanic Group (DVG). 
The analyses performed include mineral geochemistry and whole-rock plus isotopic analysis. The aim 
is to investigate processes that occurred at greater depths, looking for insights into the geochemistry of 
the mantle source region from which DVG basalts were extracted. 
Chapter 5 introduces specific features of the Swinburn Volcanic Complex. It consists of a main body 
with two rock types, vesicular lavas and pyroclastic rocks. The latter represent products of small scoria 
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cones, diatremes, and maars/tuff rings. Vesicular lava underlies the Swinburn main body, with 
pyroclastic rocks located both below its base and in places overlying it. The Swinburn-area description 
includes both structural and volcanological information, and combines all the previous and current 
observations. This chapter finishes with a list of distinctive features that are not fully explained, and 
which drove the development of this project and make the complex so interesting. 
Chapter 6 examines the petrography, mineralogy and geochemistry of the Swinburn vesicular lavas and 
pyroclastic rocks. The analyses performed include mineral geochemistry with major and trace element 
analysis. Due to the lack of radiometric dating, such geochemical measurements, carried out on 
plagioclase and clinopyroxene crystals, were crucial for deciding whether to associate and/or dissociate 
different products from those forming the Swinburn Volcanic Complex.  
Chapter 7 presents the results of a magnetometer survey and a paleomagnetic study. The first was 
conducted on the Swinburn Volcanic Complex using a portable magnetometer. The second one was 
performed on a set of samples that covers the two rock-types (Main and Quarry rocks) forming the 
Swinburn main body. The aim of this combined geophysical and paleomagnetic data is to reveal the 
buried features, magnetic signatures as well as the thickness variations of the Swinburn body. 
Chapter 8 begins with an introduction to segregation structures and a summary of several previous 
cases of segregation products identified worldwide. Afterwards, it investigates the petrography, 
mineralogy and geochemistry of the Swinburn segregation structures. The analyses performed include 
mineral geochemistry and whole-rock analysis. The geochemical results, obtained by analysing the host 
rock and segregations, are compared between each other. The chapter also includes a geochemical 
investigation on the cooling history of the Swinburn body. The goals are: a) to find correlations between 
the segregation structures and its host rock, b) to reveal the mechanism driving formation of the 
segregation products during host crystallisation and c) to figure out the cooling history of the Swinburn 
body in order to get useful clues as to whether it was emplaced as an intrusion or a lava. At the end of 
the chapter a model is presented that tries to combine the previous interpretations inferred for other 
similar cases of segregation products, with the new and distinctive features detected in Swinburn host 
rock and its segregations.  
Chapter 9 summarises all the information gathered, and advances plausible conclusions. Based on the 
new findings, it tries to give reasonable explanations for Swinburn Volcanic Complex’s distinctive 
features, and to demonstrate its significance at both the wider continental scale within Zealandia, and 
globally.  
 
1.4 Locality and sample numbering system 
Each locality and sample collected has a reference number. The prefix to the sample number indicates 
from which locality the sample was collected and these are listed in the next page. 
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Waipiata Volcanic Field (WVF) localities: 
SWIN – Swinburn 
RANG – Rangefront 
PIGR – Pigroot Hill 
FLAT – Flat Hill 
DASH – Dash Hill 
CRAT – The Crater 
BALD – Bald Hill 
KATT – Kattothyrst 
FORT – Fortification Peak 
WAIH – Waihola 
SIBE – Siberia Hill 
HYDE – Hyde 
RAMR – Ram Rock 
PEAT – Peat Moss Hill 
 
Dunedin Volcanic Complex (DVC) localities: 
MURD – Murdering Beach. 
SADD – Saddle Hill. 
Inside Swinburn Volcanic Complex, locality numbers are written as follow SWIN-1, A2, E16, J12 etc. 
Inside Rangefront area, locality numbers are written as RANG-H8 (or just H8), RANG-L15 (or just 
L15) etc. Letters and associated numbers indicate the field point (showed in the map) where the sample 
has been taken. Other samples from Waipiata Volcanic Field and Dunedin Volcanic Complex localities 
were not collected during this research project. Where the sample numbers are given a letter suffix e.g. 
MURD-1, MURD-2 this indicates that two or more samples were collected from the immediate vicinity 
or from the main outcrop. The longest period of fieldwork was undertaken between September 2015 and 
April 2016. Several fieldwork days were also carried out during spring/summer months in 2016 and 
2017.  
1.5 Methods 
Field work. Mapping together with field descriptions were undertaken during the project. The two field 
areas including Swinburn Volcanic Complex and the near Rangefront Lavas were carefully mapped as 
well as described. Since the low number of outcrops, a big collection of samples (in situ), taken from 
several key points of the two areas, was necessary to find and confirm contacts among different units. 
About 200 samples of both country and volcanic rocks were collected from all sectors of the two areas. 
Afterwards, these samples were worked for subsequent analysis.  
Sample preparation. Each collected sample was cut to exclude alteration along edges, fractures and 
amygdules. Carefully selected hand specimens were worked in order to make ~100 thin sections as well 
as ~40 briquettes. Observations on both thin sections and briquettes were used to confirm the contacts 
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between similar rocks (e.g. Main and Quarry rocks), to describe the petrography and to select the best 
samples which were processed for subsequent the SEM-EDS, LA-ICP-MS as well as isotopic analysis. 
Some of the freshest samples were also coarsely crushed in order to make rock powers for whole rock 
and isotopic analysis (see appendix E for the complete list of processing and analytical techniques 
applied on the studied samples). 
Mineral analysis. Major element analyses (~4060) of the main mineral phases such us plagioclase, 
clinopyroxene, olivine and oxide of all studied samples (J12 MR, E3 MR, E15 MR, A2 QR, F1B RLs, 
I5 RLs, L15 RLs Dyke, H8 RLs concerning chapter 4; G7 VL, A6 VL, C2 VL, C8 VL, B13b Pyr., E3 
Pyr. concerning chapter 6; D5 SV, J20 SV, C7 SV, C6 SV, JJ4 SV, J16 SC, J13 SV, F11 SV, JJ6 SV, 
JJ3 SD, J12 HR, E3 HR, E15 HR concerning chapter 8), were performed using energy dispersive 
spectrometry on the Otago Zeiss Sigma field-emission scanning electron microscope (SEM-EDS) of the 
University of Otago, in Dunedin (all the SEM-EDS results are in the Appendix A, B, D). This instrument 
was operated with a 60 or 120 μm aperture at a working distance of 8.5 mm with a 15 kV accelerating 
voltage and a current of 20 nA. The beam has a resolution of several micrometers. 
Whole rock. Major and trace element geochemistry was processed on 20 selected samples (G15, STOP 
3, E9, E16, J12, E5, J19, E14, A3, A2, D10, J19 and F11 SV, JJ3 SD, for chapters 4 and 6, respectively), 
(see whole rock analysis in the Appendixes A, B and D). Analysis were performed by ALS Ltd in 
Brisbane in Australia. A lithium borate flux was added to the powdered samples, which were then fused 
at 1000oC and then digested in a mixture of dilute HNO
3 and HCl. Major elements were obtained by 
inductively coupled plasma optical emission spectrometry. For trace element analysis, the samples were 
fused at 1025oC and then digested in a HF-HNO3-HCl mixture. Trace elements were obtained by 
inductively coupled plasma mass spectrometry using a Perkin–Elmer Elan 9000 system. Blanks were 
below the detection limit and in-house standards run concurrently were reproduced. Loss on ignition 
was calculated as the difference in sample weights measured at 105oC and then after having been heated 
to 1000oC.  
Trace and Rare Earth Elements. Trace elements were analysed at the Centre for Trace Element 
Analysis, Otago University, by laser-ablation inductively coupled mass spectrometer (LA-ICP-MS), 
using a Resonetics Resolution M-50-LR 193 nm excimer laser ablation system coupled to an Agilent 
7500 cs/ce Quadrupole ICP mass spectrometer. 9 samples (E6 VL, A6 VL, C8 VL, C2 VL, G7 VL, E3 
Pyr., G15 Pyr., B13 Pyr., Dyke Pyr.) for chapter 6, 20 samples (JJ3 SD, C7 SV, D5 SV, J20 SV, JJ4 SV, 
E3 (620m), E15 (654m), J12 (660m), F10 (720m), F11 SV, G15 (491m), J13 SV, J16 SV, E6 (635m), 
E16 (683m), Swinburn Peak HR, 605m, 600m, 595m, 590m) for chapter 8, were analysed. Data were 
acquired making spot sizes of 50 µm on clinopyroxene and plagioclase crystals. ~230 spots were made 
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in total. The ablating scan speed was 10 µm/s at 10 Hz with a fluence of 2.50 J/cm2, using a mixture of 
Ar and He as a carrier gas. A rapid pre-analysis ablation was performed before each transect to clean 
the analysed surface and data from standards were also acquired before starting rock analysis. 
Sr, Nd and Pb isotopes. Isotopic analysis was performed on a Nu Instruments NuPlasma HR in the 
multi-collector inductively coupled plasma mass spectrometry facility in the Department of Geological 
Sciences at the University of Cape Town. 25 samples (E16, J12, A3, A2, RANG-H8, RANG-L15, 
RANG-I5, FLAT-1, DASH-1, CRAT-1, BALD-1, KATT-1, HYDE-1, FORT-1, PEAT-1, WAIH-1, 
WAIH-2, SIBE-1, SCOUT-1, PIGR-1, PIGR-2, RAMR-1, SADD-1, MURD-1, MURD-2, see Sr-Nd-
Pb-Mg Isotope analysis in appendix A) were dissolved in 140ºC concentrated HF:HNO3 for 48 hours. 
Sr isotopes were then processed as a 200 ppb 0.2% HNO3 solutions. Data were corrected for Rb 
interference using the measured signal of 85Rb and natural 85Rb/87Rb, as well as a instrumental mass 
fractionation using the exponential law and a 86Sr/88Sr value of 0.1194. Data were normalized to NIST 
SRM987 value of 0.710255. BHVO-2 was run simultaneously as standard and yielded an average value 
of 0.703481 + 0.000002 (n = 6), which is within analytical error of published values (Weis et al., 2006).  
Nd isotopes were analysed as 50 ppb 2% HNO3 solutions using Nu Instruments DSN-100 desolvating 
nebulizer. JNdi-1 as reference standard and was normalized to 143Nd/144Nd = 0.512115 (Tanaka et al. 
2000). All Nd data were corrected for Sm and Ce interferences using the measured 147Sm and 140Ce 
signals and natural Sm and Ce isotope abundances. Data were corrected for instrumental mass 
fractionation using the exponential law and a 146Nd/144Nd value of 0.7219. Three analyses of BHVO-2 
yielded 0.512979 + 0.00004, which is within error of the published value of 0.512984 + 11 (Weis et al., 
2006). Pb isotopes were analysed as 50 ppb 2% HNO3 solutions on the desolvating nebulizer. A NIST 
SRM997 Tl standard was added to all standards and samples to give ±10:1 Pb:Tl ratio. All Pb isotope 
data were corrected for Hg interference as well as instrumental mass fractionation using the exponential 
law and a 205Tl/203Tl value of 2.3889. Data were standardized against NIST SRM981 and normalizing 
values for 208Pb/204Pb, 207Pb/204Pb, 206Pb/204Pb of 36.7219, 15.4963, 16.9405, respectively (Galer and 
Abouchami, 1998). BHVO-2 (n=3) was processed simultaneously yielded average 208Pb/204Pb = 38.2578 
+ 0.0131, 207Pb/204Pb = 15.5381 + 0.0009 and 206Pb/204Pb = 18.6720 + 0.0735, which are within error of 
published values (Weis et al., 2006).  
 
For Mg isotopic measurements, samples (the same 25 rocks analysed for Sr, Nd and Pb isotopes) were 
first digested in a HF-HNO3-HCl mixture and then processed through chromatographic separation using 
Bio-Rad AG50W-X8 resin at the Isotope Laboratory, Department of Earth and Space Sciences, 
University of Washington, (Teng et al., 2015). The isotopes were measured with a Nu Plasma MC-
ICPMS. In-house San Carlos Olivine and Hawaiian seawater standards analysed concurrently yielded -
25 + 0.05 ‰ (n = 5) and -0.79 + 0.05 ‰ (n = 2), which are within error of published values (Teng et al., 
2015). Magnesium data are reported in per mil relative to DSM-3. 
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CHAPTER 2 - GEOLOGICAL SETTING 
 
2.1 Intraplate Volcanism in South Island, New Zealand 
The islands of New Zealand represent ~10% of the largely undersea Zealandia continent (Mortimer et 
al., 2017). Zealandia is a Cretaceous-rifted and thinned fragment of the Mesozoic Australia-Zealandia-
Antarctica Gondwana subduction margin. Zealandia comprises a variety of tectonostratigraphic 
terranes. The oldest crustal rocks are represented by a Late Cambrian volcanic arc in the northern section 
of the South Island, yet, the majority of the exposed continent consists of Mesozoic meta-sedimentary 
rocks, which were progressively accreted to Gondwana (Mortimer, 2004). Zealandia is currently 
dissected by the boundary between the Australian and Pacific plates (Norris et al., 1987, 1990; 
Sutherland, 1995, 1999). The latter is moving westward relative to the fixed mantle framework. The 
Pacific plate under-rides the Australian one in the North Island and in the South Island slips past, and in 
the south weakly overrides it (Molnar et al., 1975; Norris et al., 1987; Norris et al., 1990; Sutherland, 
1995a; Sutherland, 1999).  
Late Cretaceous magmatism 
Late Cretaceous magmatism on Zealandia was associated primarily with the end of subduction (Waight 
et al., 1998a; Tappenden, 2003) and subsequent development of an extensional regime. The separation 
of proto-New Zealand from Gondwana caused igneous activity for ∼20 million years (Barley and 
Weaver, 1988; Weaver et al., 1994; McCoy-West et al., 2010). The majority of volcanic events took 
place between ∼100 and 90 Ma, and are represented by several intrusions (Baker et al., 1994; 
Tappenden, 2003) as well as volcanic rocks e.g. Lookout Volcanics (~ 100-82 Ma) (Fig. 2.1) (McCoy-
West et al., 2010). Other Cretaceous volcanism formed the Chatham Islands (~85–82 Ma) (Fig. 2.1) 
(Panter et al., 2006), which represent one of the largest magma volumes erupted (or intruded) through 
Zealandia's metamorphosed Gondwana fore-arc quartzo-feldspathic sediments (van der Meer et al., 
2017). Cretaceous magmas also erupted on offshore parts of Zealandia as evidenced by basalts forming 
several seamounts on the Hikurangi Plateau (99–87 and 67 Ma) (Fig. 2.1) (Timm et al., 2010; Hoernle 
et al., 2010; van der Meer et al., 2017). This Plateau represents a segment of the ~120 Ma Ontong Java–
Manihiki–Hikurangi Plateau that entered the Cretaceous subduction margin between ~110 and 100 Ma 
(Davy et al., 2008; Hoernle et al., 2010). 
Cenozoic magmatism 
Intraplate alkaline volcanism has occurred in southern Zealandia since it broke away from Gondwana 
at ~85 Ma (Gaina et al., 1998). The major Cenozoic intraplate volcanic centers are on the South Island 
and they are almost entirely located on the Pacific plate (Coombs et al., 1986; Weaver and Smith, 1989; 
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Hoernle et al., 2006; Panter et al., 2006; Sprung et al., 2007). This volcanism was characterized by 
predominantly mafic, alkaline to subalkaline compositions (Johnson, 1989). Activity occurred in the 
Paleocene to lower Eocene, upper Eocene to lower Oligocene, and in the Miocene with minor episodes 
in the Pliocene (Johnson, 1989). 
Cenozoic volcanic rocks in North, East and Central Otago can be subdivided into three groups, based 
on age and location (Coombs et al., 1986): 
a) First period: volcanism offshore of Oamaru during the Paleocene.  
b) Second period: Waiareka Volcanics (~40 to ~38-36.5 Ma) and Deborah Volcanics (~36.5 to 
32 Ma)  
c) Third period: Alpine Dike Swarm (~28 to ~16 Ma) and Dunedin Volcanic Group (~24 – 9 
Ma). 
During the first two periods, volcanism was largely submarine to emergent, producing shallow 
submarine Surtseyan tuff cones, subaqueous volcaniclastic mounds and adjacent lava flows (Coombs et 
al., 1986; Cas and Landis, 1987; Cas et al., 1989; Maicher, 1999; Maicher, 2000, 2003; Andrews, 2003; 
Corcoran and Moore, 2008; Moorhouse, 2015). 
The third phase of volcanism started with the formation of the Alpine Dike Swarm (Fig. 2.1) (Cooper, 
1986). The dike rocks have generally more evolved compositions than to other volcanic rocks of the 
Dunedin Volcanic Group. Some dykes are carbonatitic lamprophyres (Cooper, 1986). In the third period, 
the volcanic activity was concentrated further south than before, and the Dunedin Volcanic Group was 
created. It is located in East Otago (Fig. 2.1), a region about 150 – 200 km east of the plate-bounding 
Alpine Fault, and is one of the larger spatially distributed intraplate magmatic provinces (> 10,000 km2). 
The Dunedin Volcanic Group includes the Waipiata Volcanic Field (~24 to 9 Ma) and the Dunedin 
Volcanic Complex (~16 to 10 Ma) (Reay et al., 1991; Hoernle et al., 2006; Coombs et al., 1986, 2008). 
Overlapping ages and alkaline magma compositions, as well as their contiguous geographical positions, 
indicate that both members of the Dunedin Volcanic Group could be the result of the same mantle 
melting anomaly (Hoernle et al., 2006; Coombs et al., 2008; Timm et al., 2010). They are dominantly 
composed of alkaline basanites with Ocean Island Basalts (OIB) chemistries (Hoernle et al., 2006; 
Coombs et al., 2008) that have isotopic signatures similar to those of high time-integrated 238U/204Pb 
(HIMU or high µ) basalts (Price et al., 2003; Hoernle et al., 2006; Coombs et al., 2008; Timm et al., 
2010). The volcanic rocks were erupted through a crust dominated by Jurassic metasedimentary rocks 
(Mortimer, 2004; Adams et al., 2007). The Moho has been detected at a depth of ~25-30 km beneath 
Dunedin (Godfrey et al., 2001). A possible ~70-80 km thick Oligocene-Miocene mantle lithosphere was 
inferred by Scott et al., 2014b. Even if Peridotite xenoliths are more abundant in Waipiata volcanic 
rocks, they were detected in both members of Dunedin Volcanic Group (Turner, 1942; Brown, 1955; 
Wright, 1966; Price and Green, 1972; Reay and Sipiera 1987; Hoke et al., 2000; McCoy-West et al., 
2012; Scott et al., 2014a, b; Dalton et al., 2017). Different studies on more than 100 xenoliths collected 
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from 15 localities showed that the mantle under the Dunedin Volcanic Group is moderately fertile (Scott 
et al., 2014 a,b; McCoy-West et al., 2015, 2016; Dalton et al., 2017). Prior to volcanism, the terrain must 
have been of low relief, based on sedimentological and stratigraphic evidence for the time between ~20 
to ~9 Ma (Coombs et al., 1986). Volcanic areas similar to the Waipiata Volcanic Field are reported from 
the younger Antipodes Islands (< 0.5 Ma) (Fig. 2.1) (Johnson, 1989; Timm et al., 2010) and Chatham 
Islands (~40 - 35 Ma and ~6 - 2.6 Ma) (Morris, 1985; Timm et al., 2010) offshore to the east of the 
Dunedin (Fig. 2.1). The activity of the Dunedin Volcanic Group ceased at ~9 Ma, yet, the intraplate 
volcanism in the South Island of New Zealand continued, forming large shield volcanoes and subsequent 
monogenetic volcanoes at the Banks Peninsula (between ~11 and ~5.8 Ma) (Stipp and McDougall, 1968; 
Weaver and Sewell, 1986; Barley et al., 1988), and later the ~2 Ma Timaru Basalt (Duggan 
and Reay 1986; Hoernle et al. 2006).  
 
Fig. 2.1. Index map of the Zealandia continent and Hikurangi Plateau showing the most relevant localities discussed in the 
text. Cenozoic volcanoes such as Mt. Spong, and Antipodes Islands were also indicated because of their geochemical 
similarities with Swinburn Volcanic Complex (see Chapter 4). A bathymetric map, as background, has also been used (source: 
NZ 250m gridded bathymetric imagery, CANZ (2008), https://www.niwa.co.nz/).  
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2.1.1 Previously proposed models for Late Cretaceous and Cenozoic Intraplate 
Volcanism on Zealandia 
Cretaceous melting was most likely caused by decompression during asthenospheric upwelling, beneath 
the thinned lithosphere. Magma reached the surface in areas where the maximum continental extension 
took place (Timm et al., 2010). van der Meer et al., (2017) have also invoked a possible mixing among 
subduction-modified lithosphere, fossilised HIMU material and a depleted Mid Oceanic Ridge Basalt 
(MORB) source to explain the formation as well the variation of the Cretaceous intraplate magmatism 
on the Zealandia continent and Hikurangi Plateau. 
Many different studies have investigated the origin of Cenozoic magmatism on Zealandia but it is still 
an open debate among scientists. Initially, the hot spot hypothesis was proposed by Adams (1981) and 
Farrar and Dixon (1984) which predicted chains of volcanoes becoming progressively older in the 
direction of plate motion. Yet, the repeated occurrence of volcanism in a restricted area, lack of age 
progression, and absence of plume-like structures from recent seismic tomographic images beneath 
Zealandia (Finn at al., 2005; Priestley and McKenzie, 2006; Montelli et al., 2006; Nolet et al., 2006 and 
Li et al., 2008) all indicate that the hotspot hypothesis is not viable. Volcanic rocks with intraplate 
geochemical characteristics can be generated in areas of continental rifting and extensional tectonics, 
but major continental rifting between Zealandia and Antarctica ceased in the Late Cretaceous (Timm et 
al., 2010). Later extension is spatially coincident with only a minority of Cenozoic intraplate volcanic 
events (Hoernle et al., 2006). Indirect information of the source and the possible origin of these magmas 
have been searched by looking at the geochemistry and isotopes data.  
As discussed above, Zealandia volcanism presents an HIMU-like isotopic imprint. HIMU signature 
reflects the incorporation of the recycled ancient oceanic crust (e.g. Stracke et al., 2003; Nebel et al., 
2003; Castillo et al., 2015) and it is a distinctive isotopic feature detected in the worldwide OIB (e.g. 
Zindler and Hart, 1986; Hofmann, 2003; Stracke et al 2005). Basalts on Zealandia have been inferred 
to be derived by melting mantle of a source variably interpreted to be the asthenosphere (e.g., Hoernle 
et al., 2006; Timm et al., 2009, 2010), the lithospheric mantle (e.g., Panter et al., 2006; Kipf et al. 2013; 
van der Meer et al., 2017) or both (e.g. Finn et al., 2005; Sprung et al., 2007). 
 
2.1.2 Asthenospheric source 
Hoernle et al. (2006) and Timm et al. (2009, 2010) inferred that the basaltic HIMU-like signature 
originated from a large reservoir located deep (~600 km) in the asthenosphere, and that melting of the 
lithosphere has played only a negligible role. They focus on the lithospheric detachment model to 
explain Cenozoic intraplate volcanism on Zealandia, with the westwards movement of Zealandia 
lithosphere relative to the asthenospheric mantle initiating Rayleigh–Taylor or gravitational instabilities 
along the lithospheric–asthenospheric mantle boundary. Gravitational removal of the cooler, dense 
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lower lithosphere took place, and where smaller or larger volumes of lithospheric mantle were removed, 
smaller or larger volumes of asthenosphere rose to shallower depths. Different degrees of decompression 
melting then resulted in the formation of monogenetic or polygenetic volcanoes (e.g. Waipiata Volcanic 
Field and Dunedin Volcanic Complex, respectively). The mixing proportion between eclogite and 
peridotite melts controlled the extent of the HIMU-like signature found in the Cenozoic lavas, erupted 
on Zealandia (Hoernle et al., 2006; Timm et al., 2009, 2010). 
 
2.1.3 Lithospheric source 
Panter et al. (2006) suggested that the source was a mantle lithospheric domain, originally located under 
Gondwana, which was disarticulated during separation of the Australia-Zealandia-Antarctica Gondwana 
margin at ~85 Ma (Panter et al., 2006; Gaina et al., 1998). This inference is complicated by the discovery 
of dredged oceanic volcanic rocks with Sr, Nd, and Pb isotope ratios which suggest a HIMU-like 
component in their mantle source regions (Mortimer et al., 2012; Kipf et al., 2013). Kipf et al. (2013) 
explained the occurrence of the oceanic HIMU-like signatures in the basalts as being derived from 
continental lithosphere, which was displaced out from beneath continental West Antarctica and then 
partially melted beneath adjacent oceanic crust. 
Van der Meer et al. (2017) recently indicated that mantle source modification developed immediately 
after Cretaceous subduction ceased on the Zealandia Gondwana margin. Carbonatite metasomatism of 
the lithosphere formed the HIMU-like compositions. Hence, melts were inferred to have originated from 
fertile sources located in the lithospheric mantle. Yet, there is a problem with associating the occurrence 
of the Hikurangi mantle and Zealandia intraplate basalts because the Hikurangi Plateau lithosphere never 
reached as far south as Otago region (Jacob et al., 2017). 
 
2.1.4 Both asthenospheric and lithospheric sources 
Finn et al. (2005) pointed out the low seismic velocities found in the Pacific asthenosphere. They 
proposed that volcanism in the region results from decompression melting of upwelling warm Pacific 
mantle and partial melting of the base of the metasomatized subcontinental lithosphere. This mixing can 
explain the diversity of mantle sources (e.g. HIMU, enriched mantle (EM) and MORB isotopic 
signatures) but it is not able to explain the strongly different trace element concentrations found in the 
silica-undersaturated Cenozoic basalts from Zealandia (Timm et al. 2010). Sprung et al. (2007) also 
showed how it is possible to generate the isotopic composition of the Cenozoic Zealandia lavas by 
melting different proportions of a degassed upper asthenosphere (characterized by MORB-like 
composition) mixed with HIMU-signature melts, which metasomatized the lower MORB-like 
lithospheric mantle. Nevertheless, this conductive heating from the asthenosphere seems applicable for 
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monogenetic volcanism, but it seems less likely to have occurred for the formation of larger shield 
volcanoes (e.g. Dunedin Volcano in the Dunedin Volcanic Complex) (Timm et al. 2009, 2010).  
Each model presents points which would need to be clarified. Hence, despite the cited interpretations 
and recent characterizations of the lithospheric mantle under Zealandia (e.g. Scott et al., 2014a, b; 
McCoy-West et al., 2016; Dalton et al., 2017), more work is necessary to understand the possible 
lithospheric or asthenospheric mantle source, as well as the reason why there was melting to form 
magmas, beneath Zealandia during the Cenozoic. 
 
2.2 Geological background of Otago Region 
Greenschist facies rocks of the Otago Schist make up basement of the Otago region, where the Swinburn 
Volcanic Complex, as well as the other volcanoes of the Dunedin Volcanic Group, are located. Basement 
rocks consist of Mesozoic quartzofeldspathic greywackes that were metamorphosed to greenschist 
facies (LeMasurier and Landis, 1996). Otago schist grades to semischist and greywacke north of 
northwest-trending fault systems on the southwestern side of the Kakanui, Hawkdun, and St Bathans 
Ranges. In different areas, it has been covered by thin veneer of quartz pebble conglomerates 
(LeMasurier and Landis, 1996). 
 
2.2.1 Most relevant tectonic events 
a) Waipounamu erosion surface (after ~ 85 Ma) 
The erosion of the basement in the Late Cretaceous and Early Tertiary formed a regional low relief 
surface. It is the result of several processes such us fluvial erosion, marine transgression and wave 
planation occurred after the 85 Ma break up of Antarctica and New Zealand (Bishop, 1994a, b; 
LeMasurier and Landis, 1996).  
b) Marine Transgression (~ 70 Ma) 
Marine incursion started from the east coast in the Early Tertiary (Molnar et al., 1975; Carter, 1988a) 
and caused a progressive accumulation of marine strata over a thin veneer of nonmarine sediments or 
directly on the Otago schist. The transgression experienced its peak in the Oligocene, submerging most 
of New Zealand (Carter, 1988a; LeMasurier and Landis, 1996). 
c) Re-emersion of the Otago area (~ 20 Ma) and new mountain range formation 
In the early Miocene, a regional regression and uplift of the Otago region began. It was related to the 
growth of the Australian - Pacific plate boundary through New Zealand (Carter and Norris, 1976; Cooper 
et al., 1987). This period was characterized by important drainage as well as strong faulting and folding 
systems. The tectonic deformation started from the north-west part of Otago region. It propagated to the 
Central Otago, during the Miocene, and formed Kakanui, Hawkdun, St Bathans ranges, from the late 
Miocene (Craw, 1985; Cooper et al., 1987; Lindqvist and Craw, 1992; Youngson and Craw, 1995). 
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d) Subsidence (~ 10 Ma) 
In the Late Miocene a period of subsidence occurred, which partially dismantled the drainage systems 
previously formed. This disruption led to deposition of a hundred meters of lacustrine silts and muds 
inside a large lake complex in Central Otago (Youngson and Craw, 1995, 1996). 
e) Recent Uplift 
During the Pleistocene, the Alpine orogenesis produced NE-trending anticlines and reverse faults which 
are still growing in Central Otago. 
 
2.2.2 Regional scale faulting and folding 
The majority of volcanoes comprising the Dunedin Volcanic Group (Otago region) are situated in close 
proximity to known faults and tectonic lineaments. This is why a possible relation between cessation of 
intraplate volcanism and a switch to compressional tectonics has been inferred (Coombs and Reay, 1986; 
Yeats, 1987). Yet, the younger volcanic rocks erupted in Banks Peninsula and at Timaru indicate either 
that the change to compressional tectonic regime could have been delayed in some areas (Sutherland, 
1995a; Walcott, 1998), or that magmatism cessation and switching tectonic regime are two disconnected 
processes. 
After Otago volcanism ceased, the period of faulting that is still underway formed the present 
topography. The period from ~9 Ma onward is a phase of oblique compression, continental collision 
and mountain building along the Alpine Fault sector of the plate boundary (Carter and Norris, 1976). 
The movement of the Pacific plate changed from slightly divergent to increasingly convergent at 9 Ma, 
and re-orientation of stress patterns resulted in the reactivation of some of the mid-Cretaceous (or later) 
normal faults as reverse ones (Beanland et al., 1986; Craw et al., 1987b; Yeats, 1987; Beanland and 
Berryman, 1989; Norris et al., 1994; Youngson and Craw, 1995; Markley and Norris, 1999). Subsequent 
compressional tectonics and reverse faulting systems are closely related to the Kaikoura Orogeny 
(Teagle 1984; Jackson, 1996). NE-SW and NW-SE are the two most common trends of Otago region 
faults. Antiformal and block-faulted ranges with related basins have developed in East Otago, while 
antiformal mountain ranges with synformal interposed basins manifested in Central Otago. Maniototo 
basin, where Swinburn Volcanic Complex is located, belongs broadly to the latter category and it is 
affected by the active northwest trending Waihemo Fault System (Fig. 2.2). The western edge of 
Swinburn Volcanic Complex is bounded by a fault with ~0.1 km vertical displacement demonstrable in 
places. It is mapped along the northern edge of the plateau as an approximately vertical fault with a NE-
SW trend, and it puts into direct contact Cretaceous schist basement against both Oligocene sedimentary 
rock and the overlying Miocene Swinburn volcanic rocks. Seismic events, all below magnitude 5, have 
been recently recorded (between 2000 and 2015) by GNS seismometers, inside the Otago region 
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(https://www.shakeout.govt.nz/otago/), and confirm that the Waihemo Fault System and related faults 
are still active in the studied area (Fig. 2.2).  
 
Fig. 2.2. Map of Otago region (white area), showing the active faults and earthquakes occurred in the last 15 years. The tiny 
orange dots indicate earthquakes < M3 (source: https://www.shakeout.govt.nz/otago/).  
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2.2.3 Country-rock stratigraphy 
Otago Schist 
The Otago Schist basement is part of the Haast Schist, which comprises metamorphosed Paleozoic and 
Mesozoic deposits of the Torlesse and Caples Terranes. It covers an area of 30,000 km2 in Otago and 
Westland. K-Ar dating has revealed a possible age for metamorphism of ~ 199 Ma. In the Otago region, 
the basement is predominantly quartzofeldspathic with minor amounts of metacherts and greenschist. It 
has been divided into pelitic and psammitic types which show an important compositional and textural 
transition (Mortimer, 1993). The first type is blue-grey and contains metamorphic segregations of quartz 
plus albite, and micaceous laminae (from 5 mm to several cm), which are the result of bedding planes 
and shear surfaces. The psammitic type is light grey, and more massive with a poorly developed 
schistosity. There are three phases of deformation recorded by the Otago Schist. The main two phases 
formed a preferred alignment of the phyllosilicates and macroscopic recumbent folds and nappe 
structures with pervasive fold axial surface foliations (Brown, 1967; Brown, 1968; Turnbull, 1981). The 
quartz, in the metamorphic segregations, often displays an undulatory extinction directly associated to 
high strain. The third phase of deformation locally formed a crenulation lineation (Wood, 1963; Means, 
1966). A progression from ductile to brittle deformation took place during uplift of the Otago Schist, 
which occurred in the Late Jurassic to Early Cretaceous (Adams et al., 1985). Starting from ~ 85 Ma, 
fluvial erosion, marine transgression and wave planation produced the Otago Schist erosion surface 
(called Waipounamu) (Bishop, 1994a; LeMasurier and Landis, 1996). The previous presence of normal 
faults, subsequently reactivated as reverse ones, demonstrates the long phase of extensional tectonics 
which affected the uplifted basement in the Mid-Late Cretaceous up to the Early Tertiary (Bishop, 
1974a, b). Schist and remelted pieces of schist have been also found as clasts in pyroclastic rocks of the 
Swinburn Volcanic Complex.  
Taratu and Hogburn Formation 
Taratu Formation is present locally along the coast of the Otago region as well as in Cretaceous 
sedimentary basins offshore (Harrington, 1958; McKellar, 1966; Carter, 1988b). This is the reason why 
it is more common in the Dunedin Volcano area rather than Swinburn one. Its age is Late Cretaceous - 
early Tertiary (Bishop, 1994b) and it primarily consists of beds of quartz pebbles in a sandy matrix, 
inter-layered with quartz sandstone, siltstone and mudstone.  
Unlike the Taratu, the Hogburn Formation has been mapped in the Swinburn area, especially on the 
western side of it, where it lies directly on the schist. A late Cretaceous to Eocene age is inferred by 
several authors (e.g. Bishop, 1974; Youngson, 1995). Compared to the Taratu Formation, the Hogburn 
Formation contains more mudstone, its matrix is often richer in clay and shows more rounded and 
polished quartz pebbles. The Hogburn thickness in the Swinburn area is only a few meters but since its 
terrestrial and fluvial origins, it can change markedly depending on the locations inside the Otago region. 
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Kekenodon Group – Marine Deposits 
The marine deposits are in gradational contact with the Hogburn Formation and were deposited during 
a marine transgression that took place in the Oligocene. They are characterized by well-sorted sands and 
silty sands which are unconsolidated, bioturbated and present few fossils. Quartz plus spheroidal green 
glaucony grains with variable amounts of muscovite, albite, potassic feldspar, and pyrite are the main 
minerals found in these sediments.  Overall, the fine host-sediment grain size together with the large 
size and distinctive shapes of these glaucony grains are indicative of quiet marine deposition. One study 
of similar green glaucony grains, in Eocene deposits of England, showed that formed in marine 
environments, between water depths of 10 and 30 m of depth in temperate water with low sedimentation 
rates (Hugget and Gale, 1997), in contrast to the generally outer-shelf setting in which modern glaucony 
forms (Odin and Matter, 1981). The variation in grain size suggests the deposition did not take place in 
a high energy environment. Yet, the presence of coarse sands also indicates higher-energy deposition at 
times. In different areas of the Swinburn Volcanic Complex they lie directly on the Schist and show 
cemented horizons. The total Kekenodon Group reaches a few hundreds of metres in some locations 
(Youngson, 1998). Depending on the place where they have been mapped, different names have been 
addressed. For example, Bishop in 1979 started to use ‘Swinburn Formation’ to identify such richly 
glauconitic sediments found in the Swinburn area. In this thesis, following the general stratigraphy of 
Youngson and Craw (1996), all Oligocene marine sediments will be identified as Kekenodon Group – 
Marine deposits (Fig. 2.3). 
Dunstan Formation 
The Dunstan Formation is very commonly preserved in the Swinburn area. It covers most of Central 
Otago and is usually present at the top of marine deposits, themselves underlain by the Hogburn 
Formation (Youngson and Craw, 1996; Youngson et al., 1998) (Fig. 2.3). The Dunstan Formation was 
deposited as channel fill and floodplain materials accumulated during the re-emersion of the Otago area, 
in the Miocene, when river systems strongly drained the Central Otago region (Douglas, 1986). Sandy 
quartz pebble beds form the channel-fill deposits (Douglas, 1986). Floodplain deposits are mainly 
composed of sandstones, siltstones, and mudstone. Quartzite horizons are typical and their sands could 
have been recycled from the marine sediments (Youngson et al., 1998). Heavy minerals as well as 
quartzite boulders and pollen have been interpreted as evidence of terrestrial +/- marine sediments 
recycling in the late Miocene in this area (Youngson, 1995). Thicknesses vary from 100 m (near 
paleochannels) to a few meters (peripheral areas) depending on the localities (Youngson pers. com.). 
Wedderburn Formation 
The Wedderburn Formation covers an area of several tens of kilometres to the southwest of the St. 
Bathans, Hawkdun, and Kakanui Ranges. In the Swinburn area, it is restricted to the western margin. It 
is characterized by carbonaceous clays with grains of very fine recycled quartz and basement clasts. The 
majority of its sediments have been removed from the ranges, during the range formation, or they were 
taken off from the active fault systems affecting the area. Subsequently, in the late Miocene, these 
CHAPTER 2 – GEOLOGICAL SETTING 
___________________________________________________________________________ 
19 
different materials have been recycled to form Wedderburn Formation (Williamson, 1939; Bishop, 
1974; Bishop and Laird, 1976; Bishop, 1979). Reworked glaucony found at the base suggests that the 
underlying marine units were exposed to erosion. Wedderburn is present at the bottom of the Rangefront 
lavas (Fig. 2.3) and field relations indicate that it was soft when the lava was erupted onto it (~ 13 Myr 
ago) (Youngson et al., 1998). Quartzite boulders and pebbles were principally derived from the older 
Dunstan Formation. Basement clasts are more abundant near the top of the unit, where it grades 
transitionally into Pliocene immature Maniototo conglomerate (Youngson and Craw, 1996; Youngson 
et al., 1998). 
Maniototo Conglomerate 
Inside the Maniototo Basin, at the top of Wedderburn Formation, there is a widespread sequence of 
immature Pliocene conglomerate (called Maniototo conglomerate) (Fig. 2.3). It has a maximum 
thickness of 500 m and consists of immature materials such as: greywacke and semischist fanglomerates 
and braidplain deposits (Bishop, 1974), removed from the near ranges. The transition between the 
Wedderburn Formation and the Pliocene immature conglomerates is marked by a decreasing quartz 
pebble component and a corresponding increase in the proportion of greywacke and semischist detritus 
(Youngson and Craw, 1996). 
 
Fig. 2.3. Stratigraphic column of the units forming the country-rock stratigraphy. SVC (Swinburn Volcanic Complex) and RLs 
(Rangefront Lavas) black areas indicate when these volcanic activities occurred. 
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CHAPTER 3 – DUNEDIN VOLCANIC GROUP VOLCANISM 
 
Initially, Coombs (1965) introduced the term ‘Dunedin Volcanic Group’ (Fig. 3.1) to describe the 
products of all the Tertiary volcanism in east and central Otago, including the Waipiata Volcanic Field, 
Dunedin Volcanic Complex and the Alpine Dike Swarm of South Westland. More recently, the 
lattermost was removed from the Group (Coombs, 2008). This chapter introduces, based on published 
works, the volcanism that produced the Waipiata Volcanic Field and Dunedin Volcanic Complex. 
 
Fig. 3.1. Location map of the remnants belonging to Dunedin Volcanic Group, in East Otago. In red are indicated the main 
faults. All the named localities were investigated in the project. Swinburn Volcanic Complex (45° 9'25.17"S; 170°21'17.85"E). 
Mt. Dasher (45° 9'4.00"S; 170°29'2.43"E). Scout Hill (45° 7'6.48"S; 170°35'11.30"E). Siberia Hill (45° 9'59.82"S; 
170°32'0.23"E). Kattothyrst (45° 9'59.27"S; 170°30'1.51"E). Flat Hill (45°14'8.88"S; 170°20'49.99"E). Hyde (45°16'56.10"S; 
170°15'39.56"E). Bald Hill (45°32'3.66"S; 170°13'49.38"E). Ram rock (45°35'56.08"S; 170°38'20.91"E). Peat Moss Hill 
(45°35'35.08"S; 170°22'34.24"E). Murdering beach (45°45'46.02"S; 170°40'22.82"E). Saddle Hill (45°54'38.09"S; 
170°21'18.90"E). Waihola (46° 0'19.10"S; 170° 3'27.60"E).  
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3.1 Waipiata Volcanic Field 
The Waipiata Volcanic Field was formed by a diffuse intraplate activity during the Miocene (~25-9 Ma) 
in the Otago region, South Island, New Zealand (Fig. 3.1) (Coombs et al. 2008). It extends over ~10.000 
km2 and continues offshore over a similar, but very poorly constrained area (Nemeth, 2001). All vents 
are generally located along major faults that control the topography of the fold ranges (Reay and Sipiera, 
1987; Reay et al., 1991). Vent alignments largely follow the basement structural pattern of the Otago 
Schist, defining NE-SW and NW-SE trends. The longest vent alignment, traceable for ~ 30 km, 
coincides with and is parallel to the NW-SE trending Waihemo fault system in the Otago region (Fig. 
3.1). The majority of Waipiata volcanoes were formed by short-lived single eruptions of lava flows and 
pyroclastic material (Nemeth and White, 2003), along with intrusions. Other localities present evidence 
of multiple eruptions (e.g. Siberia Hill and Swinburn Volcanic Complex). Exposure now is as erosional 
remnants of terrestrial monogenetic volcanic landforms such as maars, tuff rings, scoria cones and 
spatter cones, which were originally associated with lava lakes, lava flows and feeder dykes (Nemeth, 
2001). Based on three parameters: a) Volcanic facies associations b) ratio of preserved pyroclastic and 
lava units c) size and number of identified eruptive centres, three different types of volcanic erosional 
remnants have been identified in the Waipiata Volcanic Field (Fig. 3.2) (Nemeth, 2001). 
Type 1 remnants are mainly located in the central part of the Waipiata Volcanic Field, near tectonic 
structures such us fold and faults. They are formed mainly by feeder dykes, lava lakes and/or lava flows 
(Fig. 3.2) (Nemeth, 2001). 
Type 2 remnants are situated in similar locations of Type 1 vents. They are characterized predominantly 
of pyroclastic rocks and/or lava flows (Fig. 3.2) (Nemeth, 2001). 
Type 3 remnants are not individual volcanic landforms, like the previous ones, but complexes of 
coalesced Type 2 +/- Type 1 vents. They are formed by overlapping maars, tuff rings and scoria cones 
associated with extensive lava lakes and/or valley filling lava flows. Type 3 complexes are usually 
located in the northern side of Waipiata Volcanic Field, in the eastern margin of the Maniototo basin. 
They represent the most preserved volcanic remnants in the field (Fig. 3.2) (Nemeth, 2001). 




Fig. 3.2. Volcanic vent types that have been recognized at the Waipiata Volcanic Field. The thick dashed lines indicate the 
recent level of exposure after important erosion (diagram is redrawn from Nemeth, 2001). 
 
Waipiata Volcanic Field erosion rates range between 5 to 50 metres per million year (Nemeth, 2001). 
The erosion rates were slightly higher on the central part or on ridge tops than in the northern side of the 
field (Nemeth, 2001).  
Waipiata products hold megacrysts, predominantly Ca-tschermakitic clinopyroxenes with varying 
combinations of amphibole, anorthoclase, and spinel (Reay et al., 1991). Lava flows are all nepheline 
normative ranging from just undersaturated to evolved rocks with as much as 28% normative nepheline 
(Reay et al., 1991). Their compositions fall mainly inside the basalt, basanite nephelinite and tephrite in 
the total alkalis versus silica diagram (TAS) fields. The two most evolved lherzolite nodule bearing lava 
flows represent uncommon extremely differentiated basaltic rocks, derived directly from the mantle. 
They hold 9.05 and 11.28% total alkalis at <49% SiO2, with differentiation indexes (D.I.) of 55 and 62 
(Reay et al., 1991). Fractionation was controlled by the removal of olivine, pyroxene and at later stage 
also by feldspars (Reay et al., 1991). Trace element contents are comparable to the OIB suite (Hickey 
et al., 1986; Hoernle et al., 2006; Coombs et al. 2008; Timm et al. 2010). High La/Yb ratios as well as 
no marked Eu anomaly are common geochemical features of Waipiata basalts (Coombs et al. 2008). 
Isotopes have shown a source with a common HIMU-like signature (Hoernle et al., 2006; Timm et al. 
2010). Furthermore, peridotite-bearing basalts of the Waipiata area seem to have undergone some degree 
of fractionation in the mantle because their Mg numbers indicate that they are not in equilibrium with 
mantle olivine based on the composition of lherzolite nodules (Reay et al., 1991). This evidence suggests 
that crystal fractionation was the major process controlling differentiation, and since these rocks contain 
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mantle xenoliths, the fractionation must have occurred at high pressure (Nemeth et al., 2003). Xenoliths 
usually settle out when the magma stops moving upward, hence, xenoliths could have been carried 
upward from the site where the magma formed (or slightly differentiated), which was likely located at 
depth (Nemeth, 2001). Changing composition of the source, different degree of partial melting, and 
fractional crystallisation at different levels are the main reasons inferred to explain the rare Waipiata 
lava flows with a composition different from basanite (e.g. Pigroot Hill) (Reay et al., 1991). Modelling 
performed on the basis of the most primitive Waipiata composition (Stoney Hill) demonstrates that the 
lherzolite-bearing Waipiata volcanics can be produced by the upper mantle fractionation of a primary 
basanitic liquid. The dominant fractionating phase was the aluminous clinopyroxene, with olivine being 
major accessory phase during early fractionation, and kaersutite becoming important during later stages 
(Reay et al., 1991). The total volume of magma erupted (Dense Rock Equivalent, DRE) range between 
9 and 40 km3 (Nemeth, 2001). Approximately a tenth of this volume was of differentiated tephrite to 
phonotephrite magma that participated in initial phreatomagmatic explosive eruptions. The rest of the 
magma is considered to be more primitive magma of basanite composition; whose abundant xenoliths 
nodules suggest fast ascent rates to the surface (Nemeth, 2001). 
Otago crust is stratified by density as well as rheology, and was affected by an extensional tectonic 
regime during the Miocene (Nemeth, 2001). Hence, most of the parental basanite, generated beneath the 
field, was not able to extrude and there was a gradual entrapment of magma at various levels in the 
region (Nemeth, 2001). The basanite was stored for sufficient time to produce tephrite/phonotephrite 
through 15-25 % crystal fractionation of olivine and minor clinopyroxene (Nemeth, 2001). Initial 
phreatomagmatic activities erupted variably differentiated tephrite and phonotephrite compositions, 
whereas subsequent lava flows and dykes had more primitive compositions, primarily basanite. Such 
systematic compositional sequence has been detected at each Waipiata volcano, with the basanite 
magma inferred as the parental one of tephrite and phonotephrite products (Nemeth, 2001). Yet, the 
differentiation of basanite needs more time than an eruption duration so Nemeth, 2001 has also 
introduced the ‘‘Failed eruptions’’ model. According to this interpretation, primary magma failed to 
reach the surface several times, before Waipiata eruptions occurred. In each volcano, the first basanite 
injection was not able to reach the surface and it stopped at about 11 - 15km (brittle/ductile boundary), 
forming a shallow reservoir (Nemeth, 2001). There, it had enough time to differentiate. When the second 
basanite injection arrived, the first one had already reached tephrite/phonolite compositions. Hence, the 
most evolved magmas were located in the uppermost layer of the reservoir and they have been erupted 
at the beginning of the eruption, forming the differentiated pyroclastic deposits. Differently, the second 
basanite injection had not enough time to evolve, because it was coeval to the eruption, hence it occupied 
the bottom part of the reservoir and was erupted as second, producing the mafic product of the eruptions, 
which generally were lava flows. Combination of intruded and differentiated magmas at various levels, 
have been outlined as crucial to create compositional and physical variations among Waipaita vents 
(Nemeth, 2001; Nemeth et al., 2003). 
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3.2 Dunedin Volcanic Complex 
Dunedin Volcanic Complex includes the activity related to the Dunedin volcano as well as some 
surrounding small peripheral vents (e.g. Saddle Hill). Dunedin volcano is the biggest one inside the 
Dunedin Volcanic Group. It is a shield volcano located inside the Dunedin city boundaries, with the 
main centre of eruption identified on Port Chalmers and Portobello areas (Allen, 1974; Coombs 2008). 
Dunedin volcano had a long and complex history developed between ~16 and ~10 Ma (Coombs et al. 
2008). On the basis of stratigraphic relationship and petrographic sequences, the eruptive activity was 
initially inferred to be represented by four principal eruptive phases (Benson, 1939; Benson, 1941; 
Benson, 1959; Benson, 1968). Yet, several earlier events have also been identified with trachyte tephra, 
flows, and domes that were erupted before the first initially eruptive phase, previously deduced by 
Benson (Allan, 1974). Martin (2000) has found that old rocks of the southern part of the Dunedin 
Volcanic Complex on the Otago Peninsula, were formed as explosive and effusive products of a number 
of small vents. Martin and White (2001) have also identified phonolitic pumice from an early shallow 
submarine vent at Allans Beach, on the southern flank of the Dunedin Volcano. Such recent findings 
have shown how the history of the Dunedin shield volcano is more complicated than thought before.  
Compositions of Dunedin Volcanic Complex rocks range from basanite and basalt through intermediate 
compositions to phonolite and trachyte (Price and Compston, 1973; Price, 1974; Price and Chapell, 
1975; Price and Coombs, 1975; Coombs et al., 1986; Coombs and Reay, 1986). Two main low-pressure 
fractionation trends have been detected (Coombs and Wilkinson, 1969). The first one is the trend going 
from alkali basalt to trachyte series. The second one is a more undersaturated trend, which goes from 
basanite to phonolite series (Coombs and Wilkinson, 1969). Differentiation of basanitic magma was 
controlled by the crystal fractionation of olivine, clinopyroxene, titanomagnetite, and kaersutite (Price 
and Chapell, 1975). Crystallization of feldspars started to be significant at late stages, with the liquid 
assuming phonolitic compositions. Differently from Waipaita Volcanic Field, the magma of the 
Dunedin Complex seems to have differentiated inside a single large shallow sub-volcanic magma 
chamber (Price and Chapell, 1975). The gravity anomaly found under the Dunedin Volcano area 
together with low-pressure cumulate xenoliths, support the interpretation of the shallow reservoir for 
Dunedin Volcanic Complex magmas (Reilly, 1971; Price and Chapell, 1975). As previously seen for 
the Waipiata volcanics, also here the trace element abundances are characteristic of an OIB suite with a 
HIMU-like isotopic imprint (Hickey et al., 1986; Hoernle et al., 2006; Coombs et al. 2008; Timm et al. 
2010). Waipaita and Dunedin volcano basalts are more enriched in incompatible elements than MORBs 
and show very different trace element patterns than basalts erupted from subduction zone. 
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3.3 Waipiata Volcanic Field versus Dunedin Volcanic Complex 
Both members show an exclusively alkalic nature of their rocks but there are also strong differences 
between them. The most relevant are: 
a) Grade of differentiation 
Rocks from Waipiata Volcanic Field show a more primitive character, higher Mg number and lower 
differentiation index (D.I.). Trachyte and phonolite products are very common in Dunedin volcano rocks 
but are rare in Waipiata volcanics (Coombs et al. 2008; Hoernle et al. 2006). The mafic phonolite 
(phonotephrite) of Pigroot hill, which also holds xenoliths (both country rocks and lherzolite fragments) 
is one of the rare examples of evolved lava flow in Waipaita (Irving and Price, 1981; Brown, J., 1992; 
Anderson, C., 1997; Cottle, J., 2000). 
b) K2O content 
Waipiata rocks (especially the most mafic ones) display an important impoverishment in K2O content 
than Dunedin volcano products (Coombs and Reay, 1986; Coombs 2008). 
c) Amount of mantle-derived lherzolite 
Waipiata lava flows and pyroclastic rocks usually present a high abundance of mantle-derived lherzolite, 
differently, the Dunedin products show a low concentration of them. Murdering Beach, Saddle Hill as 
well as Taiaroa Head pyroclastic sequence are some of the few places where mantle derived nodules 
have been identified, inside the Dunedin Volcanic Complex area (Martin, 2000; McIntosh, 1989). 
d) Plagioclase crystallisation 
A significant decrease in Cr and Ni in the most differentiated rocks of the Dunedin Volcanic Complex, 
was detected (Reay et al., 1991). The lack of this negative pattern in Waipiata rocks indicate that their 
crystallisation was mainly controlled by olivine, clinopyroxene, titomagnetite and kaersutite. Differently 
from Dunedin volcano, Waipiata products show that the plagioclase played a secondary role during their 
differentiation, it became important only at late stage of crystallisation (Reay et al., 1991). 
e) Magma reservoir 
A gravity anomaly centred under the Dunedin Volcano was detected and inferred to be associated to a 
600 km3 cylinder of shallow subvolcanic differentiates (Reilly, 1972). Fractional crystallisation 
probably occurred in a shallow magma chamber under the Dunedin Volcanic Complex. Differently, a 
significant geophysical signature has not been measured under the Waipiata area, suggesting that no 
large shallow magma reservoir was present (Reay et al., 1991). 
e) Pumiceous lapilli tuff units 
Thick pumiceous lapilli tuff units were erupted from the Dunedin Volcanic Complex on the Otago 
peninsula. They represent pyroclastic deposits related to major magmatic explosive event(s), some of 
which could be occurred in subaqueous environments (Martin, 2000). Martin (2000) as well as Martin 
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and White (2001) have also identified pumiceous deposits of different type of subaqueous eruption-fed 
density currents and related dilute turbidity currents. Such widespread, thick pumiceous units were not 
revealed in the Waipiata Volcanic Field, supporting the idea that only smaller and more localized 
explosive eruptions occurred in Waipiata area. 
 
3.4 Possible mantle source forming Dunedin Volcanic Group  
As described above in the 2.1.1 subchapter, on the one hand, some authors have tried to explain the 
intraplate magmatism occurred in Zealandia, proposing melting of peridotite + pyroxenite in the 
asthenosphere (e.g., Hoernle et al., 2006; Timm et al., 2010), others suggested the melting of lithospheric 
mantle (e.g., Panter et al., 2006; van der Meer et al., 2017) or both (Sprung et al., 2007).  
Dunedin Volcanic Group trace elements and isotopic results indicate a mantle source dominated by a 
high U/Pb mantle (HIMU) component (Hoernle et al., 2006; Coombs et al., 2008). Montelli et al. (2006), 
Nolet et al, (2006) and Li et al., (2008) have identified a low velocity anomaly extending from Chatham 
Rise off New Zealand to western Antarctica, at 600–1450 km of depth. It was pointed out as HIMU-
type source, partially derived from recycled ancient ocean crust, which had been affecting the upper 
mantle of South Island, since Cretaceous (Timm et al., 2010). Multi-element diagram patterns display 
peaks at Nb, La, Sr, Zr and distinctive negative K and Pb anomalies together with rare earth element 
(REE) ratios such as LaN /YbN of 17–26 and LaN/ SmN of 4–7 (Coombs et al., 2008) (where N is 
Normalised to primitive mantle (Sun and McDonough, 1989)). Averaged trace element patterns for the 
Waipiata Volcanics and Dunedin Volcano, analysed by Coombs et al. (2008), always match within the 
range of six Waipiata analyses reported by Hoernle et al., (2006). Available isotopic data from the two 
suites (Price et al., 2003; Hoernle et al., 2006) show 206Pb/204Pb ranging from 19.25 to 20.45 and falling 
close to HIMU on a HIMU-N-MORB array. Recent geochemical and isotopic data (Hoke et al. 2000; 
Price et al. 2003 Hoernle et al., 2006; Panter et al., 2006; Coombs et al., 2008; McCoy-West et al. 2012; 
Scott et al., 2014a, b; Dalton et al., 2017) indicate that the Dunedin Volcanic Group rocks were likely 
originated by smaller (for Waipiata Volcanics) and higher (for Dunedin Volcano) degrees of partial 
melting from a garnet-bearing source. The mantle, under Dunedin Volcanic Group, was metasomatized 
by carbonatite fluids. Subsequent formation and melting of fertile lithologies 
(pyroxenites/eclogites/amphibolites) with a HIMU-like signature, occurred (McCoy-West et al. 2012; 
Scott et al., 2014a, b; Dalton et al., 2017). Basanites and nephelinites are inferred to be derived from 
deeper sources than silica-undersaturated rocks. Alkali basalts and tholeiites have a more enriched 
mantle (EM) type signature than the others, suggesting heavier interaction with a lithosphere modified 
by subduction (Hoernle et al., 2006; Coombs et al., 2008; Timm et al., 2010). Secondary variations in 
magma compositions were attributed to processes such as crystal accumulation, remixing of 
differentiates, presence of xenocrysts, and crystal resorption (Hoernle et al., 2006; Coombs et al., 2008; 
Timm et al., 2010). 
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CHAPTER 4 – Sr-Nd-Pb-Mg ISOTOPE AND GEOCHEMICAL 
CHARACTERISATION OF MANTLE SOURCES TO HIMU-
LIKE INTRAPLATE BASALTS IN NEW ZEALAND 
 
4.1 Introduction  
Determining the character of mantle that is melted to produce magmas erupted at the surface is 
challenging. Melting experiments at high pressure have been critical in establishing the early-melting 
fractions of mantle rocks. Most melting experiments are conducted on mantle peridotite or subducted 
oceanic crust (eclogite/pyroxenite), and neither with nor without the addition of CO2 do they produce a 
melt that resembles common basanite and basaltic low -silica intraplate alkaline compositions like (Pilet 
et al., 2015) those ones forming the Waipaita volcanism. The distinctive ocean island basalt (OIB)-like 
trace element signatures of these intraplate basalts may instead be the result of the melting of amphibole 
veinlets in mantle peridotite, which are only stable at lithospheric temperatures of T < 1200oC (e.g. 
Panter et al., 2006; Pilet et al., 2008, Rooney, 2010). A complication is that a requirement for 
lithospheric melting raises geodynamic complications (e.g., Scott et al., 2016). 
Intraplate volcanism has occurred from the Late Cretaceous to Cenozoic across the New Zealand 
continent (Zealandia) and, like many other intraplate alkaline volcanic provinces globally, the Zealandia 
basalts have been interpreted as derived from melting of peridotite and/or pyroxenite, with the source 
variably interpreted to be the asthenosphere (e.g. Hoernle et al., 2006; Timm et al., 2010), the 
lithospheric mantle (e.g., Panter et al., 2006; van der Meer et al., 2017) or both (Sprung et al., 2007). Sr, 
Nd and Pb isotope data provide no discrimination regarding a peridotite versus pyroxenite source, but 
do reveal that many of the Zealandia intraplate basalts have focused zone (FOZO) isotopic compositions 
that trend towards and into the high time-integrated U/Pb (HIMU) mantle reservoir (Hoernle et al., 2006; 
Panter et al., 2006; Timm et al., 2009). Recent attention has been drawn to the observation that within 
the intraplate basalt suites, there is a geographically restricted suite of the earliest intraplate basalts 
(Cretaceous) with distinctly radiogenic 207Pb/204Pb (van der Meer et al., 2017). This observation led van 
der Meer et al. (2017) to suggest that there may be two mantle HIMU-like mantle domains under 
Zealandia, one that is young (Cenozoic) and represents rapid increase of 206Pb/204Pb but not of 
207Pb/204Pb, and another that this older (Cretaceous) and has undergone a long-term 207Pb/204Pb 
evolution. An important discovery has been that δ26Mg isotope compositions are light, implying that 
there is subducted carbonate in the source (Wang et al., 2016). 
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In this chapter, I provide a geochemical and isotopic (Sr-Nd-Pb-Mg) assessment of the mantle sources 
of the Miocene Swinburn Volcanic Complex, which, after the composite Dunedin shield volcano, is the 
largest volcanic complex in the intraplate alkaline Dunedin Volcanic Group (DVG) (Fig. 3.1). The 
Swinburn body (Fig. 4.1) displays an anomaly in 207Pb/204Pb isotopes that corresponds to that of a 
radiogenic group recognized by van der Meer et al. (2017). I use the term "body" for rock at Swinburn 
that is mapped as 2 contiguous units having field relationships suggesting an extrusive origin, but 
textures more typical of intrusive rocks. Assessment of these two possible origins, as lava or a sill, is 
provided in later chapters. Swinburn-body geochemical and isotopic data are also compared with new 
whole-rock and isotopic data for several peridotite bearing rocks from across the Dunedin Volcanic 
Group. Apart from Swinburn Volcanic Complex where lherzolite nodules are very rare, all the other 
studied rocks present several mantle xenoliths. These rocks were selected because their cargo of mantle 
material indicates they are likely to have undergone the least fractionation and/or crustal contamination 
during their ascent.  
 
4.1.1 Swinburn main body rock-types, the dyke and Rangefront Lavas 
The general characteristics of the majority of rocks from the Waipiata Volcanic Field and Dunedin 
Volcanic Complex have been described by different authors (e.g. Nemeth, 2001 and references therein) 
and were reported in chapter 3. Some of the analysed rocks of this chapter have novel characteristics not 
previously identified in the area, so a brief introduction of them is provided.  
The Swinburn volcanic body (Figs. 4.1), consists of two types of basalt, termed "Main" and "Quarry" 
rock types (MR and QR, respectively) (Figs. 4.1) Quarry rocks outcrop over a smaller area than do the 
Main rocks. One K-Ar age of 15.6 ± 0.6 Ma (McDougall and Coombs, 1973) is published for the Quarry 
rock-type, which is interpreted to overlie the other type in the central area of the body (Fig. 4.1). No 
outcrop of the contact between the two rocks types was found in the field. Both rock types display 
columnar jointing in many outcrops (Figs. 4.2 and 4.3). 
Slightly beyond the western edge of the Swinburn body, a dyke is exposed (Fig. 4.4) cutting through the 
Kekenodon Group-Marine Deposits. It was included in this geochemical study to establish whether it 
correlates with either the Swinburn body or with the nearby Rangefront lavas.  
Less than 1 km away from the Swinburn Volcanic Complex, other lava flows have been mapped (Figs. 
4.1 and 4.5). These younger basalts (13.4 +/- 0.3 Ma by Youngson et al., 1998), here called Rangefront 
Lavas, are located north of the Swinburn body, near the Waihemo Fault (Fig. 4.1). They form a separate 
volcanic sequence. Their more-recent age is indicated not only by K-Ar dates but also by stratigraphic 
relations. Rangefront Lavas clearly overlie gravel beds inferred to belong to Wedderburn Formation, 
which is interpreted to be younger than the Dunstan Formation (Youngson et al., 1998). Furthermore, 
transportation direction indicators (impact sags, dunes, cross bedding) in a nearly 100 m thick northward 
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dipping pyroclastic sequence associated with the lavas suggest that this sequence was derived from the 
northeast and not from the direction of the Swinburn body (Nemeth, 2001).  
 
Fig. 4.1. Geological map of the Swinburn Volcanic Complex, where Main and Quarry rocks, were collected. Red circles 
indicate sample points of rocks from the Swinburn Volcanic Complex. Also shown, with black circles, are sample points for the 
Rangefront Lavas, which crop out mostly to the north and northeast of the SVC. 
  




Fig. 4.2. Outcrop of the Main rock type, Swinburn body. Note the columnar jointing. The hammer is 30cm long. The outcrop 
is located near E9 in Fig. 4.1 (45° 8'46.45"S; 170°20'40.39"E). 
  




Fig. 4.3. Outcrop at the ‘Longlands quarry of the uppermost Quarry rock-type forming part of the Swinburn body (45° 
9'19.46"S; 170°19'14.20"E). As seen for the Main rocks,the Quarry ones also have evident columnar jointing in outcrop. The 
outcrop is at A2 on Fig. 4.1. 
 
 
Fig. 4.4. A) Outcrop where the contact between the dyke and the Kekenodon Group (K.G.) – Marine Deposits, is exposed (45° 
9'3.08"S; 170°18'57.33"E). B) Close-up of the contact, also showing the pyroclastic rock located between the dyke and the 
K.G. – Marine Deposits . The outcrop is located at dyke point in the map of Fig. 4.1. 




Fig. 4.5. Outcrop showing the Rangefront Lavas, which are located north of the edge of the Swinburn body (45° 9'38.87"S; 
170°22'9.51"E). Note the Kekenodon Group Marine Deposits beneath the lavas. Between K.G. Marine Deposits and the top 
Rangefront Lavas there are Dunstan and Wedderburn Formations which however, are covered by the grass. The hammer is 
30cm long.  
 
Samples from different localities in the mapped area, including within the Swinburn basaltic body, from 
the dyke, and from the Rangefront Lavas (Fig. 4.1), were selected for major and trace element 
measurements. A total of 21 hand-specimens were chosen from among the freshest and least altered 
samples. Early SEM-EDS analysis were performed on several samples. Afterwards, 13 fresh crystalline 
rocks from the Swinburn main body, 1 from the dyke, 7 from the Rangefront Lavas (Fig. 4.1) and 18 
(previously collected) peridotite-bearing basanites (PBBs) from other Dunedin Volcanic Group (DVG) 
sites (Fig. 3.1), were processed for further whole-rock major and trace-element geochemistry. Sr, Nd, 
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Pb and Mg isotopes were measured on 5 samples from the Swinburn body (E16, J12, A3, A2), 3 samples 
of Rangefront Lavas (H8, L15, I5), and 18 PBBs elsewhere (Fig. 3.1) (see subchapter 1.5 for more-
detailed descriptions of the methods used).  
 
4.2 Results  
4.2.1 Petrography and mineralogy of the Swinburn body and the PBBs 
Swinburn body rocks rarely present peridotite xenoliths. They are characterised by ophitic textures 
composed of 0.5 to 2 mm oikocrysts of augite and olivine overgrown by up to 2 mm long plagioclase 
chadacrysts (Figs. 4.6A and B). The Swinburn Main rock- type texture is slightly different from the 
Quarry rock-type one, the latter having fewer big crystals of clinopyroxene (Figs. 4.6 A and B). The 
dyke presents a texture which is different from Swinburn-body rock types, but similar to that of the 
Rangefront flows, and also very similar in petrographic and mineral characteristics with the other 
Waipiata rocks in the Dunedin Volcanic Group. For mineral characterization, dyke and Rangefront rocks 
sampled for this study are considered representative of the peridotite bearing basanites. They are fine-
grained and contain microphenocrysts of olivine, clinopyroxene, and plagioclase in a microlitic 
groundmass formed by the same minerals as well as opaques (magnetite, titanomagnetite) (Figs. 4.6C 
and D). Unlike both Swinburn rock-types, dyke and Rangefront Lavas contain abundant peridotite 
xenoliths (Fig. 4.6F). 




Fig. 4.6. A and B SEM-EDS microphotograph of Main and Quarry rock-types, respectively (A) (45° 9'50.23"S; 
170°20'54.95"E; B) (45° 9'38.44"S; 170°19'8.89"E). Both present large grains of clinopyroxene (cpx) and olivine (ol) are 
overgrown by plagioclase laths (plg). (Crossed polars). Note the lack of big crystals of clinopyroxene in the Quarry rock (B). 
C and D) SEM-EDS microphotograph of the dyke and Rangefront Lavas (Crossed polars) (C) (45° 9'2.67"S; 170°22'12.61"E; 
D) (45° 8'43.76"S; 170°22'6.32"E). They show a porphyritic texture consisting of microphenocrysts of olivine (ol), 
clinopyroxenes (cpx) in a microlithic groundmass of titanaugite, olivine, opaques (ox) plagioclase (plg). E) SEM-EDS 
microphotogrph of olivine crystal belonging to Rangefront Lavas displaying a zonation between core and rim (45° 9'38.87"S; 
170°22'9.51"E). F) Photomicrograph of a peridotite xenolith (45° 8'5.17"S; 170°21'11.85"E); these are very common in the 
dyke, Rangefront Lavas, and in peridotite bearing basanites of Dunedin Volcanic Group.  




The majority of feldspar crystals in all studied rocks show a lamellar twinning. They are 
euhedral/subhedral, variably zoned plagioclase (Fig. 4.6). Feldspar compositions overlap between Main 
and Quarry rock-types (An69-16Or21-2Ab86-31). The two rocks forming the Swinburn body extend to more 
albitic compositions than the plagioclases of the dyke as well as the plagioclase of other Waipiata rocks 
(An69-37Or9-3Ab63-31) (Fig. 4.7). Anorthoclase and Sanidine (Or21-12) compositions have only been 
detected in few rims of crystals in the Swinburn rock-types (Fig. 4.7B). 
 
Fig. 4.7. Microanalysis of feldspar cores (A) and rims (B) from Main rocks, Quarry rocks, the dyke and Rangefront Lavas. 
The two types of rocks forming the Swinburn body show a higher amount of K-feldspars than the other rocks. 
 
Clinopyroxene 
Clinopyroxene crystals in the Swinburn basalts are euhedral/subhedral augite (Wo48–32 En46–36 Fs17–11) 
with comparatively low TiO2 contents (0.5 – 3.6 wt.%) (Figs. 4.6 and 4.8). They are slightly zoned and 
have rims typically within 2.5 wt.% MgO, TiO2, Al2O3, and 4.0 wt.% FeOtot of their adjacent cores (Fig. 
4.8). The majority of the clinopyroxene from the dyke and Rangefront Lavas range from augite to 
diopside (Wo51–42 En41–32 Fs18–12) with TiO2 varying between 1.0 – 5.2 wt.% (Fig. 4.8). They present a 
stronger zonation with rims depleted in MgO, Al2O3 and TiO2, up to 4.0, 6.9 and 3.7 wt.%, respectively 
(Fig. 4.8). 
 
Fig. 4.8. Microanalysis of clinopyroxene cores (A) and rims (B) from Main rocks, Quarry rocks, the Dyke and Rangefront 
Lavas. dyke and Rangefront Lavas are the only two rocks presenting not only the common augite but also the diopside. All 
rocks present rims slightly richer in iron than cores. 
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Olivine and Fe-Ti Oxides 
Olivine crystals are commonly normally zoned euhedral/subhedral ones comprising a comparatively 
large, homogeneous Mg-rich core mantled by a less forsteritic rim (Fig. 4.9). Swinburn body rock -types 
show less magnesian cores and rims (Fo70–54) than olivines of the dyke and Rangefront Lavas (Fo83–49) 
(Fig. 4.9). 
 
Fig. 4.9. Microanalysis showing core and rim compositions of olivine crystals forming Main rocks, Quarry rocks, the dyke and 
Rangefront Lavas. Olivine crystals (both cores and rims) of the dyke and Ragefront Lavas are richer in magnesium than the 
Swinburn body rocks. 
 
4.2.2 Major elements of Swinburn body rocks and PBBs 
The Main and Quarry rock-types are geochemically distinguishable from the dyke, Rangefront Lavas, 
and the peridotite-bearing basanites (PBBs) of Dunedin Volcanic Group (DVG). A total alkali versus 
silica diagram (Fig. 4.10) shows the Swinburn body rocks to be transitional sub-alkaline to alkaline 
basalts, whereas the dyke, Rangefront Lavas and PBBs have lower normalised SiO2 and higher Na2O + 
K2O and therefore classify mostly as alkaline basanites. Dyke and Rangefront Lavas overlap in 
composition with most of the published data for DVG whole rocks (<50 wt.% SiO2, from Hoernle et al., 
2006; Timm et al., 2010) and with the new data of PBBs, except for unusual basanite-bearing tephrite 
to phonolite from Pigroot Hill (n = 2) and Murdering Beach (n = 2) (Fig. 4.10).  




Fig. 4.10. Total alkalis versus silica diagram (TAS) with XRF whole rock data from Main rocks, Quarry rocks, the dyke, 
Rangefront Lavas and peridotite bearing basanites (PBBs) of Dunedin Volcanic Group (DVG), normalised to 100. ‘M’ and 
‘P’ identify Murdering Beach and Pigroot Hill samples, respectively. The hatched brown area includes the major element data 
of primitive Dunedin Volcanic Group rocks (< 50 wt.% SiO2) by Hoernle et al., (2006); Timm et al., (2010). 
 
The Swinburn body basalts have lower TiO2, Na2O, P2O5 but higher Al2O3 and MgO (Fig. 4.11A, B, C, 
D) than the dyke or Rangefront basanites, and also compared with the majority of the basanite bearing 
basanites from published DVG data (Fig. 4.11). The elevated MgO indicates more magnesian 
compositions for Main and Quarry rocks (Mg# = 56 to 61, with an average of 59) compared to dyke and 
Rangefront Lavas (Mg# = 52 to 57, with an average of 55), or to the DVG peridotite bearing basanites 
(Mg# = 56, excluding the Murdering Beach and Pigroot Hill samples which have Mg# of 45 to 52).  




Fig. 4.11. SiO2-major element oxide variation diagrams (wt.%) of Main rocks, Quarry rocks, the dyke, Rangefront Lavas and 
peridotite bearing basanites (PBBs) of Dunedin Volcanic Group (DVG). ‘M’ and ‘P’ identify Murdering Beach and Pigroot 
Hill samples, respectively. The hatched brown area includes the major element data of primitive Dunedin Volcanic Group 
rocks (< 50 wt.% SiO2), published by Hoernle et al., (2006) and Timm et al., (2010). 
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4.2.3 Trace elements of Swinburn-body rocks and PBBs 
Despite the higher Mg# and therefore more primitive appearance compared to the other suites, the 
Swinburn body basalts are distinctly impoverished in incompatible trace elements (Figs. 4.12A, B, C, 
D, E, F, H) and with a similar amount of less incompatible elements (Fig. 4.12G, I and J). The Main and 
Quarry rock-type basalts also have lower averaged La/Lu (105) and therefore a smaller difference in 
light rare earth (LREE) to heavy rare earth element (HREE) abundances than the dyke, Rangefront 
Lavas, the PBBs, and other published DVG trace element data (Fig. 4.13B, D, F and H). Furthermore, 
Swinburn rocks basalt as well as all the studied basanites broadly display OIB-like compositions, 
although with large K and P negative anomalies (Fig. 4.13).  




Fig. 4.12. SiO2-trace elements variation diagrams (wt.%) of Main rocks, Quarry rocks, the dyke, Rangefront Lavas and 
peridotite-bearing basanites (PBBs) of Dunedin Volcanic Group (DVG). ‘M’ and ‘P’ identify Murdering Beach and Pigroot 
Hill samples, respectively. The hatched brown area includes the major element data of primitive Dunedin Volcanic Group 
rocks (< 50 wt.% SiO2), published by Hoernle et al., (2006) and Timm et al., (2010). 




Fig. 4.13. Primitive mantle normalised plots showing Swinburn rock-types (A, B), Swinburn rock-types versus Rangefront 
Lavas (C, D), versus peridotite bearing basanites (PBBs) (E, F) and versus published DVG data (G, H) from Hoernle et al., 
(2006); Timm et al., (2010). A-C-E-G graphs display all trace elements. B-D-F-H graphs present only the rare earth elements 
(REEs).  
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4.2.4 Sr-Nd-Pb-Mg isotopes 
It is evident that the basalts of the Swinburn body are geochemically distinct from basanites and the 
accompanying alkaline suite in the Dunedin Volcanic Group. Are there also isotopic differences?  
Sr-Nd-Pb + Mg isotope ratios have been measured for four representative Swinburn body samples (two 
for each rock-type), Rangefront Lavas and PBBs of DVG. 87Sr/86Sr shows a wide array for the studied 
rocks (Fig. 4.14A). The Swinburn body basalts plot at the most radiogenic end of the new 87Sr/86Sr data. 
The two samples of Quarry rock-type have anomalously elevated 87Sr/86Sr (Fig. 4.14A) and petrographic 
examination shows them to have some carbonate present as an alteration phase, which may mean that 
basalt Sr has been contaminated by post-magmatic fluid flow. The Rangefront Lavas samples cluster at 
87Sr/86Sr of 0.70300 to 0.70308, and these values overlap with the range of DVG peridotite bearing 
basanites (Fig. 4.14A). Unlike the Main and Quarry rock-types, the Rangefront basanites, for equivalent 
143Nd/144Nd to the peridotite bearing basanites (PBBs), have slightly higher 87Sr/86Sr. 
143Nd/144Nd data indicate that the Swinburn body basalts (0.51285 to 0.51287; +4.1 to +4.6) are more 
radiogenic than the Rangefront Lavas (0.51291 to 0.51291; +5.3 to +5.5). The Swinburn rock types are 
also more radiogenic than most, but not all, of the DVG peridotite-bearing basanites (0.51286 to 
0.512949; +4.3 and +6.1). However, the Swinburn body 143Nd/144Nd data overlap with other published 
Dunedin Volcanic Group basalt compositions, as well as with values for metasomatised peridotite 
xenoliths extracted from the basanites to phonotephrites (Fig. 4.14A).  
206Pb/204Pb isotopic data reveal three of the four Swinburn body (19.98 to 20.22) basalts to be slightly 
more radiogenic than the Rangefront basanites (19.76 to 19.96) but to otherwise overlap with the DVG 
peridotite-bearing basanites (19.83 to 20.41) (Fig. 4.14B). One Quarry rock-type sample (A2) is 
extremely unradiogenic (19.50). The majority of the 206Pb/204Pb values trend towards the field for HIMU. 
This trend is mimicked by 208Pb/204Pb (Fig. 4.14C). The three radiogenic Swinburn body basalts are also 
distinctly more radiogenic in 207Pb/204Pb (15.70 to 15.72) than Rangefront Lavas (15.65 to 15.66) or the 
PBBs (< 15.68) at equivalent 206Pb/204Pb (Fig. 4.14B). All four Swinburn body samples plot on a 
trajectory that is independent of the PBBs in Otago. 




Fig. 4.14. A) 87Sr / 86Sr vs 143Nd / 144Nd B) 206Pb / 204Pb vs 207Pb /204Pb C) 208Pb / 204Pb vs 207Pb /204Pb Isotope plots comparing 
Swinburn volcanic body (Main and Quarry rocks) with Rangefront Lavas and the peridotite bearing basanites (PBBs) of 
Dunedin Volcanic Group (DVG). The purple fields are based on DVG rock isotope data by Timm et al., (2010) and Hoernle et 
al., (2006). The yellow fields include Cretaceous Eastern Province volcanism represented by the Lookout Volcanics (McCoy-
West et al., 2010) and Chatham Islands (Panter et al., 2006; Sprung et al., 2007) plus Cretaceous Hikurangi Seamounts 
(C.H.S.) on the Hikurangi plateau (Hoernle et al., 2010). The green fields display the New Zealand mantle composition by 
Scott et al., 2014b; McCoy-West et al., 2016; Dalton et al., 2017. Cantebury: (represented by Cookson Volcanics) and 
Challenger Plateau (represented by Mount Spong), are from Timm et al., 2010. HIMU compositions (displayed with orange 
fields) are from Stracke et al., 2003.   
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The δ26Mg isotope data for Swinburn body basalts and the Rangefront Lavas are isotopically heavy and 
vary from -33 to -47‰ but show no discernable variation between groups (Fig. 4.15). These data overlap 
with the eighteen DVG peridotite bearing basanites for which there is δ26Mg data, which range from -
20 to -40‰ (Fig. 4.15). The new data also overlap with the published δ26Mg data for the Zealandia 
Antipodes Volcano, which have a range of -0.47 to - 0.06‰ but clustered around ~ -0.35‰ (Wang et 
al., 2016). 
 
Fig. 4.15. δ26Mg vs 207Pb / 204Pb. Isotope plot comparing Swinburn body rock-types with the Rangefront Lavas as well as the 
peridotite bearing basanites (PBBs) of Dunedin Volcanic Group (DVG). The green field displays the New Zealand lithospheric 
mantle composition by Wang et al., (2016); Timm et al., (2010). 
 
4.3 Discussion  
4.3.1 Major and Trace element distinctive features 
The Swinburn rocks are unique in the intraplate Dunedin Volcanic Group. Their geochemistry is 
depleted in trace elements and most major elements except SiO2, Al2O3, FeO, MgO, CaO compared to 
any other Cenozoic basaltic rock (mostly basanites) so far described from the Otago region.  
Swinburn basalts (Main and Quarry rock types) present very coarse crystals of augite, olivine, 
plagioclase, opaque minerals (titanomagnetite) and rare peridotite xenoliths crystals. Differently, the 
more-alkaline basanites such as the dyke, Rangefront Lavas and the other 16 DVG rocks (from tephrite 
to phonotephrite) present a high concentration of mantle nodules and have phenocrysts of olivine and 
clinopyroxene within a groundmass of plagioclase and oxides. Flat arrays or clusters in major elements 
indicate that the fractionation didn’t modify the chemical composition of both less alkaline Swinburn 
rocks as well as all the other more alkaline ones (Fig. 4.11). Samples from Pigroot (Waipiata Volcanic 
Field), Murdering Beach (Dunedin Volcanic Complex) present the highest abundances in trace 
elements, while Main and Quarry rocks show the lowest (Fig. 4.13E and F). These different behaviours, 
together with the absence of positive peaks in Hf and Zr in Swinburn basalts (Fig. 4.13E) strongly 
emphasize that, unlike samples from Pigroot and Murdering Beach, Swinburn magmas did not 
experience significant crystal fractionation or lithospheric contamination, which usually increase trace 
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element abundances. Major and trace elements suggest that crystal fractionation didn’t play a significant 
role in Swinburn rocks, nor for the majority of peridotite bearing basanites and other plotted rocks of 
the DVG. 
Although there is evidence for modification of Sr isotopes in at least two Swinburn samples (Quarry 
rock-type in Fig. 4.14A), which has been attributed to syn or post-depositional alteration, the trace 
element and 207Pb/204Pb differences between the Swinburn and PBBs are not easily accounted for by 
crustal contamination. For example, assimilation of common Zealandia crust would raise the 87Sr/86Sr 
and lower the 143Nd/144Nd isotopes in the basalts but could not cause elevated 207Pb/204Pb (Panter et al., 
2006; McCoy-West et al., 2010; van der Meer et al., 2017). Furthermore, highly incompatible element 
ratios sensitive to crustal input, such as Nb/Th versus Nb/U, suggest that degrees of contamination are 
less than < 1% (Fig. 4.16).  
 
Fig. 4.16. Nb/Th vs Nb/U plot of Main and Quarry rocks, the dyke, Rangefront Lavas and peridotite bearing basanites (PBBs) 
of Dunedin Volcanic Group (DVG). Quarry rock samples show weak contamination inferred to result from post-magmatic 
fluid flow. (Modified from Sylvester et al., 1997). 
 
Since source melting does not fractionate Pb isotopes, the Swinburn magmas cannot be fractionated 
equivalents or simply result from higher degrees of partial melting of the same or similar source as that 
which provided the peridotite bearing basanites of the dyke, Rangefront Lavas, and DVG. In addition, 
specific indicative ratios (e.g. La/Sm vs (Sm/Yb)N in Fig. 4.17) indicate comparable degrees of partial 
melting, but different amounts of residual garnet among the mantle sources. 




Fig. 4.17. La/ Sm vs (Sm/Yb)N plot showing the similar degrees of partial melting and the significantly lower residual garnet 
in the source for the Swinburn volcanic body (Main and Quarry rocks) source than the sources forming the dyke, Rangefront 
Lavas as well as the peridotite bearing basanites (PBBs) of Dunedin Volcanic Group (DVG). (N is normalised to primitive 
mantle, Sun and McDonough, 89). 
 
 
The range of silica produced by experimental melting of mantle lithologies (peridotite, pyroxenite) is 
narrower   than the ~40–48 wt.% SiO2 of rocks in the DVG (Hirose and Kushiro, 1993; Walter, 1998; 
Hirschmann et al., 2003; Pertermann and Hirschmann, 2003a; Wasylenki et al., 2003; Keshav et al., 
2004; Kogiso and Hirschmann, 2006; Dasgupta and Hirschmann, 2007). Hence, the alkaline series 
continuum as a simple increase in the degree of partial melting of a common peridotitic source seems 
unrealistic. Two distinct sources, which are similar in Sr, Nd, 208Pb/204Pb, 206Pb/204Pb and Mg isotopes, 
but subtly different in element concentrations and 207Pb/204Pb ratios, are inferred to explain the 
differences detected in Swinburn body rocks with respect to peridotite-bearing basanites of the dyke, 
Rangefront Lavas and other rocks of the Dunedin Volcanic Group. 
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4.3.2 207Pb/204Pb Isotopic anomaly 
In all the intraplate volcanic areas so far documented associated with Zealandia, high 207Pb/204Pb isotopic 
ratios, similar to those of Swinburn Volcanic Complex, have only been recognised as characteristic of 
the Early Cretaceous Chatham Islands (Panter et al., 2006), Lookout Volcanics (McCoy-West et al., 
2010) and seamounts erupted through the Hikurangi Plateau (Fig. 2.1). van der Meer et al., (2017) 
attributed the high 207Pb/204Pb in these three volcanic provinces to the magmas having originated from 
an old HIMU-like mantle domain, associated with lithosphere beneath the Hikurangi Plateau. Zealandia 
intraplate rocks with lower 207Pb/204Pb, which are by far the majority, were inferred by those authors as 
derived from a mantle source that had undergone rapid 206Pb/204Pb in-growth since the Cretaceous. Two 
further Zealandia rocks display high 207Pb/206Pb; these are a single sample out of five from the north 
Canterbury Cookson Volcanics, and one out of two dredged from Mount Spong on the Challanger 
Plateau (Timm et al., 2010). Samples from neither of those sites are geochemically comparable to the 
Swinburn rocks. The Cookson sample is similar to the peridotite bearing basanites (Fig. 4.18I), and the 
Mt. Spong sample is strongly alkaline and phonolitic (not shown).  
Swinburn samples have low concentrations comparable with those of the Lookout Volcanics, Hikurangi 
seamounts and Antipodes volcano (Fig. 4.18 from A to F). Trace element abundances (Fig. 4.18) as well 
as isotopic data (Fig. 4.14) from these three localities are the closest ones among rocks with particularly 
high 207Pb/204Pb ratio. Swinburn samples share the signature of rocks sourced from the Hikurangi mantle 
with high 207Pb/206Pb in Zealandia intraplate basalts, but the Hikurangi Plateau lithosphere never 
extended as far south as Otago (Jacob et al., 2017). Antipode Volcano and the Lookout Volcanics are 
spatially closer to the Swinburn locality (Fig. 2.1). The Lookout Volcanics provide the oldest samples 
of the HIMU magmatic mega-province of the SW Pacific. They were erupted during a period of 
widespread intraplate volcanism in the mid-Cretaceous (~ 100-82 Ma), which was related to the 
extension of proto-New Zealand and its eventual separation from Gondwana (McCoy-West et al., 2010). 
Such significant similarities among distinctive characteristics of the Swinburn body and the relatively 
nearby close (~400 km) Lookout Volcanics, as well as other Cretaceous volcanic (Fig. 2.1), suggest that 
the Swinburn mantle source was previously affected by Cretaceous magmas which left their 
geochemical imprint. 




Fig. 4.18. Primitive mantle normalised plots comparing Swinburn main body rocks (Main and Quarry rock-type) with 
Cretaceous basalts from Zealandia as well as Hikurangi Plateau Seamounts which present particularly high 207Pb/204Pb ratio. 
Lookout Volcanics data from McCoy-West et al., (2010); Chatham Islands from Panter et al., (2006) and Sprung et al., (2007); 
Hikurangi Seamounts from Hoernle et al., (2010); Antipodes Islands from Scott et al., (2013) and Panter et al., (2006); Cookson 
Volcanics from Timm et al., (2010); OIB and E-MORB from Sun and McDonough (1989). A-C-E-G-I graphs display all trace 
elements. B-D-F-H-J graphs present only Rare Earth Elements (REEs).   
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4.3.3 Carbonatite fluids produced metasomatic overprint  
The peridotite bearing basanites of the dyke and Rangefront Lavas, as well as the majority of PBBs of 
the Dunedin Volcanic Group, have less silica and higher alkalis than do the Swinburn Main and Quarry 
rocks (Fig. 4.10). This could indicate the presence in the source of CO2, which acts to reduce the SiO2 
content of partial melts of peridotite (Eggler, 1978). The mantle metasomatism affects the amounts of 
trace elements (e.g. REEs) (Eggins et al., 1998; Downes, 2001; Pearson et al., 2003). Mantle 
metasomatism affected many portions of the subcontinental lithospheric mantle beneath Zealandia, as 
indicated by trace elements analysis of clinopyroxene in DVG xenoliths (Scott et al., 2014a, b; McCoy-
West et al., 2016; Dalton et a., 2017).  
Carbonatite fluids are characterized by high LaN /YbN (30-100) and low Ti/Eu (<1000) (where N is 
normalised to primitive mantle (Sun and McDonough, 89). The peridotite bearing basanites of the dyke 
and Rangefront Lavas, as well as the majority of PBBs of the Dunedin Volcanic Group, have LaN/YbN 
ranging 16-30 and Ti/Eu <5000. These values indicate a strong carbonatite overprint. LaN/YbN from 9 
to 12 and Ti/Eu >6000 ratios are different for Swinburn rock samples, which, like those from Cretaceous 
volcanoes (LaN/YbN = 15 and Ti/Eu = 80), have trace element concentrations that do not typically result 
from a source affected by carbonatite fluids. 
Light δ26Mg isotopic values are also indicative of subducted carbonate in the mantle sources (Wang et 
al., 2016). Wang et al. 2016 have found a negative correlation between δ26Mg values and (Gd/Yb)N 
ratios for Antipodes Volcano basalts (Fig. 4.19). It has been proposed that they represent a mixture of 
melts derived from different mantle lithologies (e.g. peridotite and eclogite). Melts derived from the 
carbonated eclogites are characterized by the lowest δ26Mg values and highest (Gd/Yb)N ratios (Fig. 
4.19), while melts derived from low-degree melting of garnet-facies peridotites would have mantle-like 
Mg isotopic compositions and relatively lower (Gd/Yb)N ratios (Fig. 4.19). Melts from spinel-facies 
peridotites would also yield mantle-like δ26Mg values, but the lowest (Gd/Yb)N ratios because of the 
absence of residual garnet during partial melting (Wang et al., 2016) (Fig. 4.19). The peridotite bearing 
basanites of the dyke and Rangefront Lavas, as well as the majority of PBBs of the Dunedin Volcanic 
Group, like samples from the Antipodes Volcanoes, show negative correlations between δ26Mg and 
(Gd/Yb)N. In contrast, Swinburn rock-types show an opposite (positive) correlation between δ26Mg and 
(Gd/Yb)N (Fig. 4.19). 
New DVG data show similar δ26Mg concentrations as in Antipodes samples suggesting that, as inferred 
for the latter, melting of the mantle would have started in the eclogite/pyroxenites fertile portions of the 
mantle, where the solidus temperature is lower than for peridotite (Wang et al. 2016). The peridotite 
bearing basanites of the dyke and Rangefront Lavas, as well as the majority of PBBs of the Dunedin 
Volcanic Group, present trace element ratios closer to those of ‘pure’ carbonatite melt ones, as well as 
the same (Gd/Yb)N vs δ26Mg negative correlation (Fig. 4.19). Yet, despite the similar δ26Mg, Swinburn 
Main and Quarry rocks display trace element ratios different from those of carbonatite melts. 
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Differences in geochemical values from those of carbonate fluids strongly suggest that the mantle 
portions melted to form Swinburn dolerite and the Cretaceous volcanoes were less affected by 
carbonatitic metasomatism. The small amount of carbonatite fluid overprinting is confirmed by the 
(Gd/Yb)N vs δ26Mg positive correlation (Fig. 4.19) as well as by (Sm/Yb)N vs Zr/Hf ratios (Fig. 4.20).  
 
Fig. 4.19. Variation of δ26Mg vs (Gd/Yb)N for Swinburn main body rocks, Rangefront Lavas and peridotite bearing basanites 
(PBBs) of Dunedin Volcanic Group (DVG). Antipodes Volcano data (Scott et al., 2013) have been reported for comparisons. 
(N is normalised to primitive mantle, Sun and McDonough, 89). 
 
 
Fig. 4.20. Zr/Hf vs (Sm/Yb)N plots showing the lower pyroxenite/eclogitic (carbonatitic) imprint in the Swinburn main body 
rocks source than sources forming the dyke, Rangefront Lavas as well as the peridotite bearing basanites (PBBs). (N is 
normalised to primitive mantle, Sun and McDonough, 89). 
 
 
4.3.4 Possible lithologies involved in the sources of DVG magmas 
High time-integrated 238U/204Pb signatures (HIMU) in oceanic intraplate basalts have been typically 
attributed to the incorporation of recycled ancient oceanic crust (e.g., Stracke et al., 2003; Nebel et al., 
2013; Castillo, 2015). Inside Zealandia, the HIMU-like isotopic composition has been related to melting 
of a mantle with an altered oceanic crust component (previously subducted paleo-Pacific slab) in the 
form of carbonated eclogite, inside the asthenosphere (Hoernle et al., 2006; Timm et al., 2009, 2010). 
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A common oceanic crust with or without sediments as mantle source, can also explain the OIB-like trace 
elements and the HIMU and HIMU-like isotopic signatures of all DVG magmas. Hence, on the one 
hand, melting of enriched lithologies (pyroxenites/eclogites), in the upper asthenosphere, may be 
possible based on the hot geotherm (70mWm-2) inferred by Scott et al. (2014b). Such common mantle 
sources could be suitable to explain the similarities among the Swinburn body and the peridotite bearing 
basanites of the dyke and Rangefront Lavas, as well as the majority of PBBs of the Dunedin Volcanic 
Group. Distinctive geochemical features of the Swinburn rock-types, suggest, however, that a secondary 
process also occurred. Melting of amphibole together with an enriched mantle has also been proposed 
as a source component forming DVG alkaline basaltic melts, with similar concentrations of trace 
elements (Scott et al., 2014b). Experimental petrology confirms the possible lithospheric nature of the 
studied rocks. Swinburn and other Cretaceous melts agree with a hornblendite melt-peridotite reaction 
trend, experimentally found at ~1.5 GPa (Fig. 4.21) (Pilet et al., 2008, 2015).  
 
Fig. 4.21. Na2O/K2O vs SiO2 (volatile-free) diagram where Swinburn main body rocks, Rangefront Lavas, the peridotite 
bearing basanites (PBBs) of Dunedin Volcanic Group (DVG) as well as Lookout Volcanics (McCoy-West et al. 2010), Chatham 
Islands (Panter et al. 2006; Sprung et al., 2007), Cookson Volcanics (Timm et al. 2010) are compared with experimental melts 
produced by the melting of metasomatic amphibole-bearing veins at 1.5 GPa (brown dashed line, Pilet et al., 2008) and by the 
reaction between silica rich melt and peridotite, increasing the amount of CO2 (grey dashed line, Mallik and Dasgupta, 2014). 
 
The dyke, Rangefront Lavas and the PBBs seem to follow the trend delineated, during the reaction 
between silica rich melts and peridotite (Fig. 4.21). The reaction between high-degree melts of 
amphibole-bearing metasomatic veins with concurrent melts of lithospheric mantle peridotite can 
explain the different major and trace element patterns of the studied magmas. 
The Dunedin Volcanic Group area shows a compositional continuum from nephelinite and basanite (the 
peridotite bearing basanites of the dyke and Rangefront Lavas, as well as the majority of PBBs of the 
Dunedin Volcanic Group) to alkali basalt (Swinburn body rocks) (Fig. 4.10). The trend has been inferred 
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to be the product of a reaction between alkaline melts (produced from hornblendite) and surrounding 
peridotite (Lundstrom et al., 2000; Pilet et al., 2008). Melts produced by such reactions are significantly 
richer in SiO2 ~4–5 wt.% than the initial alkaline liquid (Pilet et al., 2008; 2015). Either at the time of 
melting or during the magma ascent, the melt-peridotite reaction also produces dissolution of 
orthopyroxene which explains the lower amount of incompatible trace elements detected in Swinburn 
basalts (Pilet et al., 2008; 2015).  
Xenoliths carried up to the surface from Dunedin Volcanic Group magmas have already been analysed 
(e.g. Scott et al., 2014b; Mc-Coy West et al., 2013). They consist of harzburgitic as well as more fertile 
lherzolitic, dunitic and werhlitic lithologies. Some of them have shown the high 207Pb/204Pb ratio (e.g. 
Kattothyrst Kat – 2 sample, Scott et al., 2014b) found in Swinburn body rocks. They confirmed the 
strong heterogeneity of the underlying lithosphere. 
Since there are strong similarities with older Zealandia lavas, the Swinburn rock-types suggest that, a 
local anomaly was produced in the lithospheric mantle where it was previously metasomatised by 
Cretaceous melts that left a strong isotopic imprint (e.g. high 207Pb/204Pb ratio).  
The increase in Delta 7/4 [206Pb/204Pb-(0.1084*207Pb/204Pb) +13.491)] with increasing SiO2 (Fig. 4.22) is 
considered a good indication that melt percolated and reacted with mantle that had already received an 
imprinted high 207Pb signature (Pilet. pers. comm.). Swinburn rocks displays a higher Delta 7/4 with 
increasing SiO2. The Cretaceous Lookout Volcanics also show a high the Delta 7/4 trend, very similar 
to those of Swinburn (Fig. 4.22), supporting the possible old interaction of Cretaceous melts with some 
portions of the DVG lithospheric mantle, which kept this imprint. 
 
Fig. 4.22. Delta 7/4 vs SiO2 diagram, showing the stronger percolation occurred for the source of Swinburn main body rocks 
than the sources forming Rangefront Lavas and the peridotite bearing basanites (PBBs) of Dunedin Volcanic Group (DVG). 
Lookout Volcanics (McCoy-West et al., 2010) and Antipodes Volcano (Scott et al., 2013) data were also plotted for 
comparisons. 
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4.3.5 Physical nature of the Otago lithosphere and processes forming the DVG 
magmatism  
The magmas of the Dunedin Volcanic Group were erupted through a crust dominated by Jurassic 
metasedimentary rocks (Mortimer, 2004; Adams et al., 2007). The geotherm beneath southern Zealandia 
was about 70 mWm-2 (or hotter), during the Miocene. Today surface heat flow varies between about 60 
and 90 mWm-2 (Godfrey et al., 2001). Approximately 100 km north of Dunedin its value is 78% higher 
than the global average surface heat flow in continental lithosphere (Pandey, 1981; Pandey, 1991).  
The current geothermal gradient for the central South Island is calculated to be around 39 +/- 11 °C 
(Pandey, 1981; Pandey, 1991), also rather larger than the average geothermal gradient in continental 
lithosphere. Recent studies on the crustal structure of the south-eastern South Island indicated that a ~ 
150 km long and 5-7 km thick higher density zone exists at approximately 20 km depths in the Otago 
region, coinciding with the area of the Waipiata Volcanic Field and Dunedin Volcano (Davey et al., 
2000). A low velocity lower crust and mantle occurs beneath the Dunedin Volcano and may represent a 
hot, fluid-rich region of the crust (Davey et al., 2000). A positive gravity anomaly around the Dunedin 
region has been modelled as the solidified remnants of a major magma chamber extending down to 10 
km depth and containing ca. 600 km3 of olivine gabbro (Reilly, 1971). Pressure and temperature 
estimates on garnet-peridotites from the Eocene Kakanui mineral breccia suggest that the magmas have 
come up from a depth of at least 80 km (Carswell, 1980). The presence of lherzolites within DVG rocks 
and the lack of reaction textures imply that the host magma carrying the mantle xenoliths moved 
upwards rather rapidly, so that there was no significant interaction between the magma and nodules 
(Reay and Sipiera, 1987).  
Combining old with more recent petrographic and geochemical evidence ~70/80 km is the depth 
suggested for the lithosphere/asthenosphere boundary under the Otago region (Hoke et al., 2000; Scott 
et al. 2014 a, b; Dalton et al., 2017). The Moho has been detected at a depth of ~25-30 km beneath 
Dunedin (Godfrey et al., 2001).  
In a wider context, recent seismic tomographic studies show that a large-scale, deep-seated low velocity 
zone is present between depths of ∼600–1450 km, extending from beneath the Chatham Rise to beneath 
the western Antarctica margin, shallowing to ∼300 km beneath some areas (Montelli et al., 2006; Nolet 
et al., 2006; Li et al., 2008; Timm et al., 2010). 
It is inferred by many authors that the Otago region was relatively far from any plate boundary during 
Waipiata volcanism (~ 25–9 Ma) with little extensional tectonic activity in the area (Norris et al., 1987; 
Sutherland, 1995c; LeMasurier and Landis, 1996; Walcott, 1998; Molnar et al., 1999; King, 2000). It 
remains unclear, however, why different parts of the mantle melted throughout the Cenozoic, and why 
at some sites there was repeated melting. Since the evidence is not conclusive, the most plausible models 
(already discusses in subchapter 2.1.1) are listed in the Table 4.1 with their strengths and weaknesses.  
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Table. 4.1. List of strengths and weaknesses of the published models explaining the intraplate volcanism. 
MODEL STRENGTHS WEAKNESSES 
Mantle hotspot 
(Adams, 1981; Farrar and Dixon, 1984) 
Offers a cause of melting Repeated occurrence of 
volcanism in a restricted area. 
Lack of volcanic age 
progression.  
No seismic evidence for 
widespread plume-like 
structures beneath Zealandia. 
(Finn et al., 2005; Priestley and McKenzie, 2006, 
Montelli, et al., 2006, Nolet et al., 2006 and Liet 
al., 2008)  
Lithospheric removal 
(Hoernle et al, 2006; Timm et al., 2010) 
Explains what triggers melting 
unrelated to local tectonics 
Not consistent with percolation 
processes. 
Requires volatiles in 
asthenospheric mantle for 
melting geotherm 
Metasomatism 
(Pilet et al., 2008; Pilet et al., 2015) 
Explains geochemical 
differences among closely 
spaced volcanoes 
Does not explain what triggers 
melting 
   
 
None of these models is able to adequately explain diffuse volcanism known in Zealandia as well as in 
many continental areas globally. The processes which were able to create low-degrees melts at the base 
of the DVG lithosphere could have been driven by: A) local tectonic extension B) mantle flow C) 
small scale convection D) extraction of melts already present in the lower velocity zone.  
I infer that one or, more probably, a combination of these processes was able to generate, after 
percolation and differentiation of these melts across the lithosphere, amphibole-bearing veins which are 
addressed as the most suitable sources. Such metasomatized domains started to melt and produce the 
low-Silica melts with higher and lower alkaline features observed in Waipiata Volcanic Field as well as 
Dunedin Volcanic Complex, as described in the next subchapter 4.3.6. 
 
4.3.6 DVG possible origins: New model 
In the detachment model presented by Hoernle et al., (2006) and Timm et al., (2010), mafic (MgO > 5 
wt.%) low-Si melts (SiO2 < 46 wt.%) were formed from sources containing carbonated eclogite, whereas 
the high-Si melts (SiO2 > 46 wt.%) were produced through greater degrees of melting of a volatile-free 
peridotite source. Greater degrees of melting would result, however, in negligible differences in trace 
elements between the Swinburn body source and sources of PBB magmas (Fig. 4.18). Moreover, 
‘Melting begins when upwelling mantle intersects the peridotite solidus’ (Thompson, 1972) but 
considering the Southern Australia geotherm (O’reilly and Griffin, 1996) as well as the hotter one 
inferred under the DVG (Scott et al., 2014b), melting requires volatiles (H2O and/or CO2) to occurr (Fig. 
4.23).  




Fig. 4.23. Pressure-temperature (P-T) diagram showing the solidus of different lithologies potentially present under the 
heterogeneous DVG mantle. Southern Australia Geotherm (brown solid line, O’really and Griffin, 1996). Violet line as well 
as the lithosphere and asthenosphere boundaries are from Scott et al. 2014b. Volatile-free peridotite and peridotite +H2O (red 
solid lines, Katz et al., 2003), Peridotite + CO2 (red dashed line, Dasgupta and Hirschmann, 2006, 2007), MORB–like 
pyroxenite (green dashed line, Pertermann and Hirschmann, 2003b), garnet (Gt.) pyroxenite (green solid line, Katz et al., 
2003). 
 
For a volatile-free asthenosphere, melt production requires detachment of several 10s of km of 
lithosphere, which would result in surface rebound of a magnitude controlled by the length scale of 
detachment and lithospheric rigidity. It is unclear how the detachment model relates directly to 
formation of individual small volcanic centres (e.g. Swinburn Volcanic Complex), as opposed to more 
widespread (e.g. volcanic-field-scale regions of melt generation). It does not explain single-volcano 
geochemical differences.  
If high-Si magmas are not generated by melting volatile-free asthenospheric peridotite, a new model is 
needed to explain the geochemistry of the Swinburn body.    
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The timing and events of the new model are listed below: 
1). During the Cretaceous, active rifting of Zealandia from Antarctica formed asthenospheric melts. 
They started to move upward and metasomatised limited portions of the lithosphere, imprinting different 
geochemical features as well as high 207Pb/204Pb isotopic ratios (Fig. 4.24A). Swinburn magmas as well 
as a xenolith (dunite) found in Kattothyrst basalts, (Kat – 2 sample in Scott et al. 2014b) present these 
unique features. 
2) During the Miocene, one or a combination of the above described processes (A-B-C-D) occurred and 
the early alkali melts started to form from fertile lithologies (Fig. 4.24B) (e.g. pyroxenite, eclogite, 
peridotite in presence of volatiles) in the upper asthenosphere ~3-4 GPa; between 100 and 130 km, 
according to the Pilet et al., (2015) and Dasgupta and Hirschmann, (2007) solidi shown in Fig. 4.23.  
3) Upward movement of these melts in the Miocene started a percolation process in the lithosphere (Fig. 
4.24C) 
The percolation process: 
➢ has metasomatized the lithosphere, leaving strong geochemical imprints (e.g. carbonatite, OIB 
and HIMU-like) 
➢ has locally modified the thermal gradient (as recorded by pyroxene rims in xenoliths from 
Foulden Maar dyke, FOU-9 sample, from Dalton et al., 2017).   
➢ has produced metasomatic cumulates (amphibole-bearing veins and/or pyroxenites) with major- 
and trace-element compositions suitable for the dyke, Rangefront Lavas as well as the peridotite 
bearing basanites of DVG. The common initial percolating melts can explain why all DVG 
magmas present strong geochemical similarities. 
4) Under DVG the temperature was increased by percolating fluids and it was higher than ~1300°C at 
pressure > 2GPa (Scott. et al., 2014b). Hence, fertile lithologies such as amphibole-bearing veins, which 
have a low solidus temperature (~1150–1175 °C from 1.5 to 2.5 GPa) start to melt giving DVG magmas 
(Panter et al., 2006; Pilet et al., 2008; Rooney, 2010).  
5). The reaction of percolating fluids with one of the lithospheric portions already metasomatized 
(during the Cretaceous), can explain the distinctive geochemistry of Miocene Swinburn magmas (Fig. 
4.24D) 




Fig. 4.24. Illustrative sections showing the melt production in the lithosphere-asthenosphere boundary area, under the DVG. 
The blue mantle spots, inside the lithosphere, represent fertile mantle portions which had already been metasomatised by 
Cretaceous magmas, which imprinted a different geochemistry (e.g. high 207Pb/204Pb isotopic ratio). The boundaries between 
lithosphere-asthenosphere, continental crust-Cenozoic sediments, as well as spinel-garnet facies contacts, have been inferred 
by Scott et al., (2014b). DVG (Dunedin Volcanic Group), SVC (Swinburn Volcanic Complex), MR (Main rock-type) QR (Quarry 
rock-type), RLs (Rangefront Lavas) PBBs (peridotite bearing basanites), DVC (Dunedin Volcanic Complex) (see text for the 
full explanation). 
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CHAPTER 5 – SWINBURN VOLCANIC COMPLEX:  
ROCK TYPES, CONTACTS, DISTRIBUTIONS 
 
5.1 Introduction 
The Swinburn Volcanic Complex is located on the northeast side of the Waipiata Volcanic Field (Fig. 
3.1). According to the vent remnant classification of Nemeth 2001, Swinburn can be classified as a Type 
3 vent. It could be defined as ‘a subaerial erosional remnant of an ancient volcano with a complex 
eruptive history, where multiple phreatomagmatic and magmatic explosive, effusive eruptions as well 
as intrusions, occurred’ (Nemeth, 2001). 
A K-Ar age of 15.6 ± 0.6 Ma was measured from one of two types of rock that form the main body of 
the Swinburn Plateau (McDougall and Coombs, 1973) (Fig. 5.1). Both of the two are coarsely crystalline 
rocks (here called main and quarry rocks). Vesicular lavas and older pyroclastic rocks underlie the main 
body (Fig. 5.1, 5.2, 5.3). Small scoria cones, diatremes as well as maars/tuff rings are located at the top 
of it or cutting through (Fig. 5.1, 5.4). On the west part of the Complex, a feeder dyke has also been 
mapped and described in the previous chapter 4.1.1 (Fig. 4.4).  
Swinburn main body thickens considerably to the south, where it reaches an exposed thickness of ~90m 
and appears to fill paleo-topography in the underlying sedimentary sequence (Fig. 5.1). Its products 
extend over an area of more than 25 km2, making Swinburn the largest Waipiata volcano (Nemeth, 
2001). 
Swinburn Complex is tilted by a reactivated reverse fault with a NE-SW trend, which cuts the Swinburn 
Complex and places in direct contact the Miocene volcanic rocks and Cretaceous greenschist basement 
(Fig. 5.1, 5.5). On the west side of the Complex Swinburn main-body rocks cap some sedimentary buttes 
(Fig. 5.1). The dip of 10 - 20 degrees measured on the western main volcaniclastic rocks records mild 
tectonic deformation of the area.  
Despite being the largest volcanic centre in the Waipiata Volcanic Field, Swinburn has undergone little 
investigation, chemical composition has not been well documented and the magma source 
characteristics have not been specifically investigated. For the current research, I collected a range of 
new data for this complex, using different techniques including a geophysical survey, field mapping, 
petrographic, geochemical and isotopic analysis.  




Fig. 5.1. A) Index map B) Legend C) Geological map of Swinburn Volcanic Complex where the most important 
localities and features, have been pointed out. 
 
 
Fig. 5.2. A) Outcrop of contact between the Swinburn volcanic body and the Vesicular lava (hammer is 30cm). B) 
Zoom of the contact (45° 8'44.85"S; 170°20'14.13"E).   




Fig. 5.3. A) Outcrop of one of the older pyroclastic rocks, underlying the Vesicular lava (VL) and the Swinburn 
volcanic body (SB) (45° 8'44.85"S; 170°20'14.13"E). B) Close up of the outcrop with an exposed volcanic bomb. 
 
 
Fig. 5.4. A) Outcrop of one of the younger pyroclastic rocks, which cuts the Swinburn volcanic body (45° 
9'45.69"S; 170°19'17.92"E). B) Hand-specimen of this rock, black lapilli are indicated. 




Fig. 5.5. Panorama of the northern part of the Complex (looking at north-west). The schist is on the hanging wall, 
while the Swinburn volcanic body is on the footwall part of the reverse fault (45° 8'44.85"S; 170°20'14.13"E). 
 
5.2 Previous work and Swinburn distinctive features 
The majority of previous studies concerning the Swinburn Volcanic Complex are theses of students of 
the University of Otago. Sang Lyen (1962) mapped this area for the first time. Following this, Bishop 
(1979) published a map of the area -Geological Map of New Zealand (1:63360) Sheet S135 Ranfurly. 
Other third year reports (e.g. Slagter, 1992; Bartlett, 1992; Read, 1994; Zeiger, 2002) have also provided 
field descriptions as well as limited geochemical data for the area. Nemeth (2001) partially described 
the Swinburn Volcanic Complex in his project, where, however, the main focus was the wider 
phreatomagmatic volcanism of the Waipiata Volcanic Field. The erosion rate in the Swinburn area is 10 
meters per million years (Nemeth, 2001). The general absence from the SVC of the youngest 
sedimentary formations (the Wedderburn Formation and Maniototo Conglomerate), plus the post-SVC 
fault that cuts the Complex (Fig. 5.1 and 5.5), indicate inhomogeneous erosion of the area.  
Based on regional stratigraphy, erosion has removed more than 100m of rocks from above Swinburn 
Plateau. Interesting aspects of the Swinburn Volcanic Complex addressed in this project are as follows: 
5.2.1 First feature: Intrusive textured rocks above pyroclastic products 
The main body of rocks forming Swinburn Plateau are dolerite. They display an ophitic texture with 
large (between 0.5 and 2 mm in diameter) oikocrysts of augite and olivine overgrown by plagioclase 
chadacrysts (up to 2 mm long). It is common to associate such coarse-grain size (coarsely crystalline) 
texture with intrusive bodies (e.g. sills), where the slow cooling rates support the growth of crystals. 
Field mapping, however, shows that bedded pyroclastic rocks underlie the Swinburn main body and are 
in places intercalated. Highly vesicular basalts at basal contacts and sediment deposited above it, seem 
to suggest an effusive emplacement for Swinburn body dolerite. Hence, it has textural characteristics of 
an intrusive rock, despite field evidence indicating that it is more likely to have been effusively 
emplaced. 
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5.2.2 Second feature: Segregation Structures 
Centimetric domains crystallised from residual liquid and metre-scale pegmatitic segregation veins have 
been found at the bottom and at different heights inside main doleritic rock forming the Swinburn body. 
They show a similar mineralogy and ophitic texture as their host rock but are much more coarsely 
crystalline (crystals 0.5 – 2 cm long). Segregation structures like the Swinburn ones are not reported 
from other Waipiata vents (e.g. Nemeth, 2001). Their presence indicates that compared with the majority 
of Waipiata remnants, uncommon process(es) took place during the emplacement and cooling of 
Swinburn main body. 
 
5.2.3 Third feature: Very small amount of mantle-derived xenoliths  
Waipiata lava flows and pyroclastic rocks are usually full of mantle-derived peridotite-lherzolites 
(Coombs 1986, 2008; Scott et al., 2014 a, b; McCoy-West et al., 2012, 2015, 2016; Dalton, 2017). Many 
xenoliths have also been found in Rangefront Lavas less than 1 km away, and in a dyke within the 
boundaries of the Swinburn Complex. The main Swinburn products, however, hold negligible amounts 
of mantle-nodules, suggesting different ascent processes for these magmas. An analogous lack of 
xenoliths has also been detected in the Dunedin Volcanic Complex, but for Dunedin a gravity high 
(Reilly, 1971), and abundant lavas and domes with evolved compositions, provide evidence that there 
was a large magma reservoir (e.g. Coombs and Wilkinson, 1969; Price and Chapell, 1975; Nemeth, 
2001). 
CHAPTER 6 – VESICULAR LAVAS AND PYROCLASTIC ROCKS 
___________________________________________________________________________ 
63 
CHAPTER 6 – VESICULAR LAVAS AND PYROCLASTIC 




This chapter provides descriptions of the petrography, mineralogy, major and trace elements of 
Swinburn vesicular lavas and pyroclastic rocks (Fig. 6.1). Vesicular lavas and pyroclastic products of 
Swinburn Volcanic Complex have been briefly described in a few third-year reports done in the 
University of Otago's Geology Department (Bartlett, 1992; Slagter, 1992; Teagle, 1984), and in theses 
at BSc (Hons) (Read, 1994), Masters (Sang-Lyen, 1962), and PhD (Nemeth, 2001) levels from the same 
Department. In the current study I geochemically characterize a number of these rocks, and establish 
differences and potential correlations among all products forming the Swinburn Volcanic Complex. First 
the vesicular lavas are characterised, then the pyroclastic rocks. The textural and major-element 
geochemical characteristics are similar for main and quarry rocks, and here the term ‘dolerite’ is used 
to refer to both.  
 
Fig. 6.1. Geological map of the Swinburn Volcanic Complex, where vesicular lavas (VL) as well as older and younger 
pyroclastic rocks from the Lower Deposits (LD) and Upper Deposits (UD) units respectively, were collected. Sample points 
with the name outlined by the black borders identify the analysed samples. The yellow star in the South West area, indicates a 
key location discussed later in the subchapter 6.3, Fig. 6.16. 
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6.1.1 Vesicular lavas 
Vesicular lava outcrops are located in the centre, in the north and especially in the western side of the 
complex (sites A6, C8, C2, E3, G7 in Fig. 6.1). Vesicular samples are usually highly weathered, and 
show grey and red colours in hand-specimen (Fig. 6.2). These lavas cap some peripheral areas of the 
complex and at multiple sites are exposed beneath the Swinburn main body. Field evidence shows a 
sharp, direct contact between the vesicular and main rocks (Fig. 6.3). The apparently simple contact 
suggests that the vesicular lava forms the base of the Swinburn dolerite. New geochemical analyses 
suggest, however, that the vesicular basalt has a different composition from the dolerite.  
 
Fig. 6.2. Different vesicular lava samples collected from the Swinburn Volcanic Complex. Note the abundant vesicles, 
commonly filled by secondary alteration minerals. G7:45° 8'55.85"S; 170°18'46.84"E. G17:45° 8'32.61"S; 170°19'5.08"E. Z6: 
45° 9'44.41"S; 170°18'39.25"E. A6: 45° 9'47.71"S; 170°18'22.87"E.  
 




Fig. 6.3. Sharp contact between vesicular lava and the Swinburn main body (dolerite). Both left and right photos were taken 
at E3 (45° 8'44.85"S; 170°20'14.13"E). 
 
6.1.2 Pyroclastic rocks 
Tuff breccias and lapilli tuffs are the two main pyroclastic rocks mapped in the Swinburn Volcanic 
Complex. Both are exposed in several outcrops in the southwestern and in the north part of the Complex 
(Fig. 6.1).  
I use the Waipiata volcaniclastic unit subdivisions presented by Nemeth, 2001 (Table 6.1). It follows a 
facies classification scheme introduced by Sohn and Chough (1989)  
Table. 6.1 (next page). Facies classification diagram used for volcaniclastic rocks of the Waipiata Volcanic Field by Nemeth, 
2001. Juvenile-rich means that more than 50 % of the clasts are juvenile clasts. 





Within the boundaries of the mapped Swinburn Volcanic Complex, there are "Lower Deposits" (LD) 
that are overlain by lava or dolerite, and "Upper Deposits" (UD), which are contained in structures that 
crosscut lava or dolerite. Lower Deposits include the three types of lapilli tuff described below. 
(Names of the following described samples correspond to the localities where they were collected (Fig. 6.1). 
Lower Deposits (LD): magmatic and phreatomagmatic 
G15: Matrix supported, lithic poor, diffusely stratified lapilli tuff with accretionary lapilli 
(spheroidal clasts reaching 4 mm in size) (Fig. 6.4 and 6.8). (LT23 facies in Table 6.1) 
E3: Framework supported lapilli deposit with decimetric bombs (Fig. 6.8) (well-sorted LT5 facies).  
Z1 Matrix supported, non-volcanic lithic rich, unsorted massive lapilli tuff (Fig. 6.8) (LT9 facies).  
Z6: Matrix poor, all-juvenile, lapillistone (Fig. 6.8) (well consolidated LT5 facies). 
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Upper Deposits (UD): phreatomagmatic 
UD1 unit is phreatomagmatic and is in many places overlain by scoriaceous, coarse grained tuff 
breccias, lapilli tuffs, tuffs, lava flows and dykes. 
All the following deposits at the following sites can be included in this unit:  
B13a and B14: Matrix supported, non-volcanic-lithic rich, unsorted massive tuff breccia. The matrix 
consists of grey volcanic material and quartz grains (TB9 facies). 
C10a: Matrix supported, non-volcanic lithic rich, unsorted massive tuff breccia formed by a grey 
volcanic matrix with schist fragments up to 2 cm long. Volcanic products are more scoriaceous at 
the top of this outcrop (Fig. 6.8) (TB9 facies). 
C13: Matrix supported, non-volcanic-lithic rich, inverse to normal graded tuff breccia with colours 
going from brown to red. Altered sideromelane volcanic glass shards are also present in the matrix 
(Fig. 6.4 and 6.8) (TB17 facies). 
D12 and D13: Matrix supported, non-volcanic lithic rich, unsorted massive tuff breccia similar and 
close to C10 site with single quartz grains and a glassy tuff matrix. Next to D13, pieces of remelted 
schist have also been found (Fig. 6.8) (TB9 facies). 
Pyroclastic dyke: Matrix supported, non-volcanic lithic rich, unsorted massive tuff breccia showing 
a colour from red to yellow (Fig. 6.4 and 6.8). The matrix is iron-rich. Pumiceous clasts reach 6mm 
in size (TB9 facies). This rock is intruded by a coherent basanite dyke, so that the pyroclastic deposits 
form a thin deposit separating the dike from enclosing Kekenodon Gp. sedimentary rock. 
Z9: Matrix supported, non-volcanic lithic rich, unsorted massive tuff breccia. The matrix has a grey 
colour with clast up to 10mm. Big schist fragments (up to 8cm) are common (Fig. 6.4 and 6.8) (TB9 
facies). 
UD2 unit is characterized by the abundance of juvenile rich (scoriaceous) coarse, grained, weakly to 
not-bedded tuff breccias and/or lapilli tuff (Nemeth, 2001).  
In Swinburn Volcanic Complex, it is represented by two similar lapilli tuffs: 
B13b: Matrix supported, non-volcanic lithic rich, diffusely stratified lapilli tuff and tuff breccia (with 
clasts up to 4mm in size) characterized by schist fragments (up to 3cm long), rounded clasts of 
sandstone (up to 2cm long) (Fig. 6.8) (LT12 and TB12 facies). 
C10b: Matrix supported, non-volcanic lithic rich, cross-stratified lapilli tuff and tuff breccia (with 
clasts up to 5mm in size) (LT14 and TB14 facies). 




Fig. 6.4. Representative samples of different pyroclastic rocks collected from different points of the Swinburn Volcanic 
Complex. Note the big pieces of schist in Z9 (UD1 unit) as well as the big lapilli in C13, dyke tuff (UD1 unit) breccias and the 
accretionary lapilli in the G15 lapilli tuff Lower Deposits (LD). (Z9:45° 9'58.24"S; 170°18'59.24"E. C13:45° 9'45.69"S; 
170°19'17.92"E. G15:45° 8'16.28"S; 170°19'21.56"E. Dyke:45° 9'3.08"S; 170°18'57.33"E) 
 
18 samples collected from 16 localities inside the Swinburn Volcanic Complex (Fig. 6.1) were selected 
for major and trace element measurements. A total of 9 hand specimens were chosen from among the 
freshest and least altered samples. 5 vesicular lavas (A6, C8, C2, E3, G7) as well as 2 samples (G15, 
E3) of the older Lower Deposits (LD) and 2 rocks (dyke, B13b) of the Upper Deposits (UD), were 
analysed by using SEM-EDS and LA-ICP-MS methods. For fragmental pyroclastic deposits the largest, 
least altered pyroclastic bombs, or the most coherent, highly welded, spatter, has been selected. Despite 
these efforts, it was impossible to completely avoid contamination (see subchapter 1.5 for more detailed 
descriptions of the methods used). 
  




6.2.1 Petrography and mineralogy of vesicular lavas 
Vesicular lavas display similar mineralogy but generally smaller crystal sizes and an absence of the 
ophitic texture that characterises the dolerite. They are hypocrystalline, porphyritic rocks consisting of 
microphenocrysts of olivine, clinopyroxenes and plagioclase in a microlitic groundmass of plagioclase, 
augite, olivine and opaque minerals (Fig. 6.5). Secondary minerals such us calcite and zeolite commonly 
fill the abundant vesicles. Serpentine alteration is common and it gives a typical orange colour in plane 
polarised light (e.g. Fig. 6.5 A6, E3). Yet, despite the diffuse alteration, fresh pyroxene and plagioclase 
crystals are preserved.  
 
Fig. 6.5. Photomicrographs of vesicular lavas (crossed polars). The main minerals are indicated (ol: olivine; plg: plagioclase; 
cpx: clinopyroxene ox: oxide). One photomicrograph of the dolerite has been added for comparison. (A6:45°9'47.71"S; 
170°18'22.87"E. C8:45°9'44.33"S; 170°19'52.03"E. C2:45° 9'36.10"S; 170°18'22.32"E. G7:45°8'55.85"S; 170°18'46.84"E. 
E3and Dolerite:45°8'44.85"S; 170°20'14.13"E). 
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One vesicular flow (G7) located at the northwest of the Complex (Fig. 6.1), presents a coarser texture 
than the other vesicular rocks analysed (A6, C8, C2, E3) as well as other specific features, so G7 is 
described separately from the other vesicular lavas. 
 
Feldspars 
As in the Swinburn dolerite, plagioclase is the most abundant phase in the vesicular lavas (Fig. 6.5). 
Crystals are euhedral to subhedral with rims richer in sodium and poorer in calcium (Fig. 6.6). Some 
plagioclase crystals in all vesicular samples are zoned (An67-39) (Or3-1) (Ab61-31); no K-feldspars were 
detected (Fig. 6.6). The G7 western sample is the only one where anorthoclase and sanidine 
compositions were found. Like the dolerite, G7 contains in addition feldspars with more evolved 
compositions (An46-31) (Or39-2) (Ab70-50) than the other vesicular samples. 
 
Fig. 6.6. Microanalyses of feldspar cores (A) and rims (B) from vesicular lavas, compared to the dolerite ones. The majority 
vesicular samples present plagioclase cores and rims with labradorite and andesite compositions. Other vesicular lavas are 
samples from A6, C8, C2, E3 points. 
 
Clinopyroxene 
Clinopyroxenes forming Swinburn vesicular lavas (Wo46-42) (En44-35) (Fs21-13), are euhedral/subhedral 
augites with rims richer in iron and poorer in magnesium than their cores. G7 augites (Wo47–45 En36-34 
Fs23–17) are slightly more enriched in iron and depleted in magnesium than those in other vesicular lavas, 
or in the dolerite (Fig. 6.7). 
 
Fig. 6.7. Microanalyses of clinopyroxene cores (A) and rims (B) from vesicular lavas, compared to the dolerite ones. All 
vesicular samples overlap with dolerite values. Other vesicular lavas are samples from A6, C8, C2, E3 points. 
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Olivine and Fe-Ti Oxides 
Few olivine crystals escaped the strong serpentine alteration, and no reliable geochemical results were 
obtained from the rare relict cores analysed. Titanomagnetite and ilmenite crystals are the oxides present 
in all vesicular lavas. G7 oxides contain more FeO and TiO2 (averages of 63 wt.% and 22 wt.%, 
respectively) than those in other vesicular lava samples (A6, C8, C2, E3, G7) (averages of 71 wt.% and 
12 wt.%, respectively). 
 
6.2.2 Petrography and mineralogy of pyroclastic rocks 
Pyroclastic products were previously described in subchapter 6.1.2. They consist of juvenile lapilli 
containing microlites, micro- and macro-phenocrysts of olivine, clinopyroxene and plagioclase 
minerals, surrounded by a clastic matrix rich in accidental grains derived from the country rock (e.g. 
quartz, glaucony) (Fig. 6.8). Xenocrysts and alteration products that fill vesicles are ubiquitous (Fig. 
6.8). Altered microlitic glass is also present.  
 




Fig. 6.8. Photomicrographs of several pyroclastic samples described in sub-chapter 6.1.2. Note the pieces of schist in the 
majority of the samples (e.g. Upper Deposits (UD) such as B13b, C10a, D13, Z9), quartz glauconite and other marine minerals 
derived from country rocks (e.g. Lower Deposits (LD) such as Z1, Z6 and UD such as C13, D12, D13, Z9) as well as the 
micro/macro-phenocrystals inside the lapilli (e.g. LD such as Z1, Z6 and UD such as B13b, C10a, D13). R.S: Remelted Schist. 
The particular schistosity of the schist in R.S., indicates that these pieces of ripped schist experienced very high temperatures, 
as consequence, the original schistosity plane was deformed. Red – brown colours (e.g. UD such as dyke) are given by the 
alteration of Fe-Ti oxides, olivines and clinopyroxenes. C13 sample shows an inverse grading with a decrease in grain size 
from the top to the bottom of the sample. The majority of the microphotographs were taken by using crossed polars. Parallel 
polars were used just for Z1, Z6, D13 and dyke samples in order to better show their features. (G15:45°8'16.28"S; 
170°19'21.56"E. E3:45°8'44.85"S; 170°20'14.13"E. Z1:45°9'39.03"S; 170°18'40.34"E. Z6:45°9'44.41"S; 170°18'39.25"E. 
B13:45°9'28.03"S; 170°19'5.43"E. C10:45° 9'52.34"S; 170°19'46.74"E. C13:45° 9'45.69"S; 170°19'17.92"E. 
D12:45°9'46.32"S; 170°19'36.60"E. D13:45°9'48.70"S; 170°19'52.53"E. Dyke:45°9'3.08"S; 170°18'57.33"E. Z9:45° 
9'58.24"S; 170°18'59.24"E. R.S.:45°9'48.70"S; 170°19'52.53"E). 
 
  




Feldspars within pyroclasts are subhedral to anhedral, with rims richer in sodium and poorer in calcium. 
They show significant zonation, with more evolved compositions at the rims (An40-8) (Or50-4) (Ab92-58). 
The pyroclastic rocks have higher abundances of K-feldspars than do the dolerite or vesicular Swinburn 
lavas. Similar to the older LD unit here, the younger pyroclastic rocks of the UD1 unit have feldspars 
that show zonation, and also more evolved feldspar compositions going from andesine up to 
anorthoclase (An36-10) (Or40-2) (Ab85-64) (Fig. 6.9). 
 
Fig. 6.9. Microanalyses of feldspar cores (A) and rims (B) from older (LD unit) and younger (UD1 unit) pyroclastic rocks 
(E3 and B13b, respectively) compared to the vesicular lavas and the dolerite ones. Other vesicular lavas are samples from 
A6, C8, C2, E3 points. 
 
Clinopyroxene 
Clinopyroxenes in particles forming Swinburn pyroclastic rocks are subhedral to anhedral augites with 
rims slightly richer in iron and poorer in magnesium than cores. Clinopyroxenes in the older, LD, rocks 
have similar compositions (Wo47-41) (En47-40) (Fs16-11) to those in the younger, UD, ones (Wo50–38 En48-36 
Fs16–5). Both are enriched in magnesium and more depleted in iron than crystals in the vesicular lavas or 
those in the dolerite (Fig. 6.10). 
 
Fig. 6.10. Microanalyses of clinopyroxene cores (A) and rims (B) from older (LD unit) and younger (UD1 unit) pyroclastic 
rocks (E3 and B13b, respectively) compared to the vesicular lavas and the dolerite ones. All vesicular samples overlap with 
dolerite values. Other vesicular lavas are samples from A6, C8, C2, E3 points. 
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Olivine and Fe-Ti Oxides 
Olivine crystals, where preserved, are subhedral and have rims slightly richer in iron and poorer in 
magnesium than cores. In the younger (UD) B13b samples the majority of olivine crystals show Fo54, 
but two extremely magnesium-rich compositions with Fo90 have also been detected. Olivines and Fe-Ti 
oxides are commonly very altered in both older and younger pyroclastic rocks. In the older deposits, 
sample E3 olivine crystals were too altered to obtain acceptable EDS analysis (no totals between 99 and 
101 of total wt.% oxide). 
 
6.2.3 Major-element comparisons among vesicular lavas, pyroclastic rocks and dolerite 
Major-element results for plagioclases and clinopyroxenes of all the studied rocks have been plotted 
together. 
 
Fig. 6.11. CaO and MgO wt.% vs SiO2 wt.% graphs showing the EDS results for plagioclase (A) and clinopyroxene (B) cores 
and rims. Fields encompassing the most common vesicular lavas (here represented by C8 sample) (inside the blue circles), the 
G7 western vesicular lava sample (WL) (inside the green circles) and dolerite (inside the red circles), are outlined. 
Compositions of crystals in the older pyroclastic rocks (LD unit, E3 sample) fall inside the blue area while younger ones fall 
inside the green area (UD1 unit, B13b samples). Some compositions of younger pyroclastic rock clinopyroxenes also fall inside 
the dolerite red area (see text for explanation). EDS: Energy Dispersive X-Ray Spectroscopy; plg: Plagioclase; cpx: 
Clinopyroxene. 
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Graphs such us CaO wt.% vs SiO2 wt.% and MgO vs SiO2 (Fig. 6.11 A and B) show three important 
results which are listed here and discussed later in subchapter 6.3.2: 
I.Major-element concentrations were similar for minerals of Swinburn vesicular lavas and in the older 
pyroclastic rocks (blue circles).  
II. There are similarities in major-element patterns between crystals in the G7 western lava and those of 
the younger pyroclastic rocks (green circles). 
III. Dolerite clinopyroxenes and plagioclases (red circles) present major-element trends different from 
those of any of the other rocks.  
 
6.2.4 Trace element patterns of clinopyroxene in vesicular lavas 
Trace element trends and abundances provide useful information on individual magma batches involved 
during volcanic activity in the Swinburn area through time (e.g. Minster and Allègre, 1978; Wood et al., 
1979; Hobden et al. 1999).  
 
Fig. 6.12. Rare earth element (REE) concentrations for each vesicular lava sample (VL) and for the dolerite. A, B, C, D) 
Graphs outlined by blue borders indicate vesicular lava samples with similar trends. E) The Green border indicates G7 sample 
trend, richer in REEs. F) Red border shows the dolerite trend, different from all the other ones. Black arrows point out the 
negative or positive REE slopes. Data are normalised to the Chondrite (McDonough and Sun, 1995) mantle composition.  
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Clinopyroxene is the principal repository of trace elements in the examined samples. Unlike plagioclase, 
clinopyroxene shows significant differences in incompatible trace elements across the range of studied 
volcanic rocks. For this reason LA-ICP-MS analysis was especially focused on this mineral. REE trends 
from clinopyroxene of all vesicular lavas (VL) present a general positive LREE/MREE slope and a 
variable, usually flat MREE/HREE (Fig. 6.12A, B, C, D, E). The G7 sample Cpx crystals display a 
similar trend, but richer in REEs than other vesicular lavas (Fig. 6.12E). Dolerite samples (both main 
and quarry rocks) show very different REE trends from any of the vesicular lavas. They have negative 
slopes both for LREE/MREE and for MREE/HREE (Fig. 6.12F).  
Peaks are more emphasized (stronger or weaker) in graphs showing all trace elements (Fig. 6.13).  
 
Fig. 6.13. All trace element concentrations for each vesicular lava sample (VL) and for the dolerite. A, B, C, D) Graphs 
outlined by blue borders indicate vesicular lava samples with similar trends. E) The Green border indicates G7 sample trend, 
richer in REEs. F) Red border shows the dolerite trend, different from all the other ones. Black arrows point out the negative 
or positive REE slopes. Data are normalised to the Primitive mantle composition (Sun and McDonough, 1989). 
Looking at the general trends, all the vesicular lavas display comparable patterns (Fig. 6.13A, B, C, D, 
E). G7 western lava displays a much stronger negative peak in Ti as well as unique negative peaks in K 
and Sr (Fig. 6.13E) than other lavas (Fig. 6.13A, B, C, D). However, considering all trace elements, G7 
as well as the other vesicular lava trends (A6, C8, C2, E3) resulted clearly different from the dolerite 
patterns (Fig. 6.13F), as also previously suggested by the REE trends. 
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6.2.5 Trace element patterns of clinopyroxene in pyroclastic rocks 
REE trends from clinopyroxene of older and younger pyroclastic rocks present some similarities as well 
as differences among each other and the other Swinburn rocks. They are listed as follow: 
a) A general positive LREE/MREE slope and a variable (usually flat) MREE/HREE (Fig. 6.14A, B, C, D) 
in all pyroclastic rocks, has been detected. Despite similar patterns, older pyroclastic rocks (Fig. 6.14A 
and B) also display a notably higher abundance of trace elements than do the younger ones (Fig. 6.14C 
and D). 
b) B13b sample in Fig. 6.14C is one of the phreatomagmatic schist bearing tuff breccias forming the 
youngest, UD2, pyroclastic unit of the Swinburn area. Its clinopyroxenes are the only ones showing two 
trends. One trend is similar to the G7 one (Fig. 6.14E) and the other one is very similar to the dolerite 
pattern (Fig. 6.14F). 
 
Fig. 6.14. Rare earth element (REE) concentrations for older (LD unit) and younger (UD units) pyroclastic samples. A, B, C, 
D) Graphs outlined by black borders, represent the results on clinopyroxenes of older (A, B) and younger (C, D). pyroclastic 
rocks. Results of G7 western lava sample and dolerite (E and F respectively) are reported again for comparisons. Data are 
normalised to the Chondrite mantle composition (McDonough and Sun, 1995).  
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There are trace elements which can be particularly affected by alteration (e.g. Sr) so some peaks result 
stronger, weaker or different, depending on the level of alteration of the sample (e.g. variable 
concentrations of Sr in Fig. 6.15A and B; D and E). Despite minor alteration effects, most trace element 
patterns show the same differences and similarities as described above for the REE trends.  
 
Fig. 6.15. All trace element concentrations for older (LD unit) and younger (UD units) pyroclastic samples. A, B, C, D Graphs 
outlined by black borders, represent the results on clinopyroxenes of older (A, B) and younger (C, D). pyroclastic rocks. Results 
of G7 western lava sample and dolerite (E and F, respectively) are reported again for comparisons. Data are normalised to 
the Primitive mantle composition (Sun and McDonough, 1989).  
  




6.3.1 Vesicular lavas versus Swinburn main body 
Field relationships suggested initially that vesicular lava formed the basal part of the main Swinburn 
body, i.e. that it was the vesicular base of a lava with a less-vesicular and more-crystalline interior. In 
the outcrop at site E3 the contact with the overlying dolerite is well-exposed (Fig. 6.3). But vesicular 
lava doesn’t underlie the dolerite everywhere. In some places, at the edge of the complex (e.g. South 
West area in Fig. 6.16), Dunstan Formation country rock overlies vesicular lava, with no dolerite present.  
 
Fig.6.16. A) Google Earth image of the South West area of the complex, where the different samples were collected. B) Photo 
of the area where the contacts as well as the local stratigraphy are delineated. The yellow star indicates the exact point of the 
Complex, referring to the geological map in Fig. 6.1 (45° 9'58.85"S; 170°18'34.98"E) 
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Critically, the vesicular lava below dolerite has different major element trends (Fig. 6.1), and also 
different LREE/MREE and MREE/HREE slopes (Fig. 6.12; 6.13). These geochemical differences 
strongly indicate that the Swinburn main body dolerite is not from the same batch of magma as the 
vesicular lava that gives the appearance of forming its basal part at site E3.   
There are also petrographic and geochemical differences indicating that not all the vesicular lavas are 
from the same batch of magma. Sample G7 is anomalously rich in trace elements, with distinctive 
negative peaks in K, Sr and Ti. It seems petrographically and geochemically different from the other 
vesicular flows (A6, C8, C2, E3), which are very similar to one another geochemically.  
In the absence of radiometric dates for the vesicular lavas or the main dolerite, geochemical results 
provide strong evidence that multiple lava flows, and the dolerites (both main and quarry), were 
emplaced from at least three separate batches of magma. This is important in reconstructing the 
development of the Swinburn Volcanic Complex as a whole, and implies that the vesicular lavas are 
older than, and emplaced separately from, the extensive body of Swinburn dolerite (Main and Quarry 
rocks). Deposition of Dunstan Formation (Miocene) began before and continued after the time of the 
Swinburn Volcanic Complex eruptions. It is found both beneath early (LD) pyroclastic rocks, and on 
top of both pyroclastic rocks and vesicular lava (e.g. Fig. 6.16).  
 
6.3.2 Vesicular lavas, pyroclastic rocks and the Swinburn body 
Explosive eruptions represented by pyroclastic deposits preceded the emplacement of vesicular lavas. 
The Swinburn Volcanic Complex has both magmatic and phreatomagmatic early pyroclastic deposits 
(LD), and predominantly phreatomagmatic younger deposits (UD). 
The pyroclastic rocks of the phreatomagmatic units are rich in accidental lithic clasts (up to 70 vol. %). 
Pieces of schist, one site with partly melted schist, and the various other sedimentary fragments inside 
the pyroclastic rocks show that country rock was being excavated. The different trace-element patterns 
for pyroxenes in one pyroclastic deposit suggest a mixture of phenocrysts and xenocrysts extracted from 
the dolerite – that pyroclastic deposit must have formed after the dolerite had been emplaced.  
The older (LD) and younger (UD) pyroclastic rocks have similar major and trace-element patterns, but 
their different concentrations (Fig. 6.11, 6.14, 6.15) indicate derivation from different magma batches.  
Vesicular lava G7 is petrographically and geochemically slightly different from all other vesicular lavas. 
Its geochemical trends are comparable with those of clinopyroxenes in B13b younger pyroclastic rocks 
(Fig. 6.14, 6.15). This similarity can be explained in two ways: 
I. Western lava G7 may have formed from a late batch magma that also produced the younger UD 
pyroclastic rocks. 
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II. The similar trends between B13b and G7 clinopyroxenes may indicate that augites in B13b are 
xenocrysts entrained from the G7 western lava, which in that case must have extended far to the 
southeast of its currently preserved extent.  
 
Explanation II seems very unlikely because of the distance between the G7 flow and the area where 
B13b is exposed (Fig. 6.1). It is much more likely that a later magma batch could have formed both 
pyroclastic rocks in the centre of the complex and erupted lava to form the G7 western flow. 
Augites of pyroclastic rocks and overlying vesicular lava collected from a single outcrop (E3) show very 
similar REE patterns (Fig.6.17A and B). The shared geochemical characteristics confirm that the older 
pyroclastic activity and the vesicular lavas (other than G7) were probably formed by the same (or 
similar) batch(es) of magma and were coeval to each other and older than the G7 western flow or the 
dolerite.  
 
Fig. 6.17. Rare earth element (REE) concentrations comparing two samples from the same site (E3, see map in Fig. 6.1). A) 
Graph outlined by black border, representing the results on clinopyroxenes of E3 pyroclastic rock (LD unit). B) Graph outlined 
by blue border, representing the results on clinopyroxenes of E3 vesicular lava sample. Data are normalised to the Chondrite 
(McDonough and Sun 95) mantle composition. 
 
Three main trends shown in the Fig. 6.11 may indicate that three batches of magma with distinct major 
and trace element compositions formed the earlier and the later igneous rocks of Swinburn. These were 
emplaced as follows. 
Dunstan Formation deposition was underway before a), and continues throughout and beyond the 
period of Swinburn Volcanic Complex activity. 
First activity:  
a) The initial explosive eruption(s) formed pyroclastic deposits such us the lapilli tuffs of LD unit (G15, 
E3, Z1 and Z6). 
b) Subsequently, vesicular lavas (A6, C8, C2, E3) started to diffuse, covering the previous deposits. 
It is inferred also that many products of this early activity have been eroded, and that substantial 
volcanic edifices, perhaps the size of Parícutin (~200 m high) existed at the time of the second activity. 
For further discussion of this, see later chapters. 
  




c) In the second activity, the emplacement of the main Swinburn body (dolerite), took place. Main and 
Quarry rocks intruded into the first-activity lavas and into volcanic cones that existed at the time. The 
outcrop at E3 exposes weak pyroclastic rock and remnant weak vesicular lava where they have been 
sheltered by overlying dolerite (Fig. 6.3). 
 
Third activity: 
d) During the last activity, new explosive eruptions occurred at different points within the complex and 
formed several small maar-diatremes. Diatreme excavation cut into and entrained country rocks as well 
as pieces of volcanic products formed during the first and second activities. All the tuff breccias, lapilli 
tuffs of the UD units (B13a, b, C10a, b, B14, C13, D12, D13, Z9 and dyke) as well as the G7 western 
flow, were erupted during this last activity. 
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CHAPTER 7 – GEOPHYSICAL SURVEY AND USE OF 
PALEOMAGNETIC DATA TO DISTINGUISH AND 




7.1.1 Geophysical survey  
Knowledge of volcanic subsurface architectures is necessary to fully understand eruption histories and 
processes. Geophysical surveys provide information to link subsurface structures to surficial deposits 
and to better understand the buried features of volcanic complexes (Valentine, 2012), and geophysical 
modelling techniques applied to volcanic systems continue to improve (e.g. Finn and Morgan, 2002; 
Kauahikaua et al., 2000; Lindner et al., 2004; Montesinos et al., 2006; Lopez Loera et al., 2008; Paoletti 
et al., 2009). 
Seismic, gravitational and magnetic geophysical surveys have often revealed underground features of 
the volcanic substrate, using either 2D or 3D modelling results (e.g. Gebhardt et al., 2011; Buness et al., 
2006; Blanco-Montenegro et al., 2007; Lopez Loera et al., 2008; Blaikie et al. 2012; Blaikie et al. 2014). 
Mineral exploration is one of the main reasons for geophysical surveys in New Zealand. Magnetic data 
coverage remains poor, however, with only about 60% of South Island, primarily the northern and 
southern thirds of the island, covered by high altitude (3.3 km) aeromagnetic surveys (Woodward and 
Hatherton, 1975; Hunt, 1978). Petroleum and Minerals industries of New Zealand have recently 
undertaken an aeromagnetic survey to gather high quality data across several South Island areas, 
including much of the Otago region.  
A high-resolution magnetic survey performed during this project is the first conducted directly on the 
Swinburn Volcanic Complex using a portable magnetometer. These new detailed magnetic 
measurements can be integrated with existing aeromagnetic data (Glass Earth EM & mag data, 
http://muck.otago.ac.nz/~hamish/maps/glass_earth/images) to refine the magnetic map of the Otago 
region. The main purpose of doing the magnetic survey for this study was to investigate thickness 
variations of the Swinburn volcanic body. 
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7.1.2 Paleomagnetic work  
Past configurations of the geomagnetic field have been determined by analysis of paleomagnetic 
characteristics of rocks of different ages across the globe. The direction and magnitude of the surface 
geomagnetic field change with time. Changes with periods dominantly between 1yr and 105yrs, 
constitute geomagnetic secular variations (Butler, 2004). Even over the time of historic geomagnetic 
field records, the field has experienced significant directional changes. The geomagnetic field can be 
recorded at the time of rock formation and then retained over geological time (Ort et al., 2015). The 
present configuration of the dipole field (pointing towards the geographic south) is referred to as normal 
polarity; the opposite configuration is defined as reversed polarity (Butler, 2004). Reversal of the 
polarity of the dipole produces a 180° change in surface geomagnetic field direction at all points (Butler, 
2004). Ferromagnetic minerals such us iron-titanium (Fe-Ti) oxides form early in the crystallization 
sequence of igneous rocks and represent important constituent of them (e.g. Bowen 1928; Namur et al., 
2010). As these crystals cool below their blocking temperature, they record the geomagnetic field at the 
time of emplacement (Koenigsberger, 1938; Nagata, 1943; Ort et al., 2015). Alternating field 
demagnetization (AF) and progressive thermal demagnetisation are the two most common procedures 
for the estimation of the previous polarities of the earth’s magnetic field and the emplacement 
temperatures of pyroclastic deposits, respectively (Butler, 2004).  
The alternating field demagnetization technique, summarised as follows, was applied to Swinburn rocks 
to assess inferences from earlier geophysical surveys.  
AF demagnetization consists of applying a decaying alternating magnetic field to a sample. In the 
absence of external direct magnetic fields and significant distortion in the applied alternating field, the 
sample will be ‘cleaned’ of any remanent magnetization with coercivity (resistance of a magnetic 
material to changes in magnetization) less than the peak intensity of the applied AF (Butler, 2004). This 
progressive removal is the result of randomizing the mobile magnetic domains along the axis of the 
applied field. Since it is decaying, the amplitude of each half-cycle of the applied AF is smaller than its 
predecessor. With each half-cycle, the domains, whose coercivities are less than the applied field, align 
themselves with the field (Butler, 2004). During each half-cycle of the AF, a small percentage of these 
mobile domains will have coercivity greater than the following half-cycle and will therefore become 
fixed in direction. In this way, equal numbers of domains will be magnetized in the positive and negative 
directions oriented along the axis of demagnetization, resulting in a net zero remanent field on the 
sample (Butler, 2004). AF demagnetization is often effective in removing secondary natural remanent 
magnetisation (NRM) and isolating characteristic NRM (TRM) in rocks, such us Swinburn ones, with 
titanomagnetite as the dominant ferromagnetic mineral (Butler, 2004).  
Paleomagnetic work in this study has also investigated the Swinburn rocks' magnetic mineralogy. The 
mineral present can be revealed by the hysteresis loop as well as isothermal remanent magnetization 
(IRM). A hysteresis loop shows the relationship between the induced magnetic flux density and the 
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magnetizing force. The loop is generated by measuring the magnetic flux of a ferromagnetic material 
while the magnetizing force is changed. After exposure to a direct magnetic field, rock samples 
containing magnetic minerals acquire an isothermal remanent magnetization (IRM). Hysteresis loop and 
IRM measurements were carried out in order to have information on the amounts of magnetic phases 
held by the two Swinburn rock-types. 
 
7.2 Methods 
7.2.1 Methods for the Geophysical survey  
The geophysical survey was performed with a GEM System GSM-19 magnetometer, which is a highly 
sensitive and accurate magnetometer commonly utilised in mineral exploration and magnetic surveys. 
An integrated GPS permitted precise reading via Waypoint Programming as well as accurate time 
synchronization for subsequent base station corrections. Base station and roving magnetometers were 
set up at the beginning of each day of survey, in the field (Fig. 7.1). The base station consists of a single 
magnetic sensor mounted on an adjustable pole, connected via a single cable to the base console (Fig. 
7.1B). The elevation of the base station was placed as close as possible to the elevation of the magnetic 
sensor on the roving unit, in order to avoid possible errors in the measurements. Furthermore, the base 
station was always placed in the same position, away from any possible magnetic disturbances such as 
fences, powerlines and roads, for the full duration of the survey, so background noises of the recorded 
magnetic signal were negligible.  
Before starting acquiring data, some steps were necessary for success of each survey: 
I. Synchronisation between the base and the roving units (Fig. 7.1). This is a necessary step for the 
subsequent calculation of the diurnal corrections. 
II. An initial small run was performed to identify the correct datum (strength of magnetic field in nanotesla 
(nT)) for the studied area. It resulted in 58.000nT for Swinburn area, a value that falls within the expected 
range. 
III. Setting up of the Base Station and the rover units with the Cycling (number of readings per second). 
Cycle time were fixed at 3.0 for the base station and at 0.2 for the rover. This continuous reading 
permitted high resolution surveying. Both AC Filter were set to 60Hz. 
Once settings were corrected, the rover unit started to collect data as it was moved. Depth of 
investigation is controlled by the electrical “skin depth” of the local geology. It varies from shallow to 
> 100 m, depending upon the overall background resistivity of the subsurface. In the Swinburn area, a 
depth of ~100 m was penetrated. During the survey, influences of other metallic objects were almost 
totally avoided. For example, the acquisition was always paused in the proximity of metallic fences (at 
~10 m) and started again once they were far enough away. Survey lines to form a grid were initially 
planned but the vegetation as well as the irregular morphology of the area didn’t permit a perfect final 
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grid (Fig. 7.2). However, all of the Swinburn body was covered and magnetic signals from all sides, 
were acquired (Fig. 7.2). Representative measurements on the country rock were also carried out, in 
order to compare the magnetic signals of these country-rock formations (Fig. 7.2A, B, C, D circled 
areas) with the acquisitions performed on the volcanic body. 
After the survey raw data from base and roving units were imported by using GEM Link software onto 
a computer. Daily changes in earth’s magnetic field due to changes in currents of charged particles in 
the ionosphere (usually between 20-80 nT) occur (e.g. Riddihough, 1971; Guyodo, Y, 1999). Hence, 
raw data were downloaded, saved and a diurnal correction was done by using the units themselves. 
Subsequently, 2D and 3D maps (Fig. 7.2 and 7.4) were made by using software such as QGIS2.12.3 and 
GRASS GIS 6.4, respectively. 
 
Fig. 7.1. A) The display of the main menu of the base unit. B) Set up of the Base station, in the field. C) Set up of the Roving 
Magnetometer, during the Swinburn survey. In B) and C) The positions of GPS, magnetometers and base/rove units, are 
indicated. 




Fig. 7.2. 2D magnetic map of Swinburn Volcanic Complex showing all the survey lines performed in the field. A, B, C, D black 
circles indicate the locations, away from the Swinburn body, where magnetic signal from the country formations (e.g. schist 
and K.G. marine units) was acquired. The background map is the aero magnetic map previously made (Glass Earth EM & 
mag data) where blue and red colours indicate low and high magnetic signals, respectively. Overlapping the two maps was 
useful to compare the Swinburn magnetic data. Topographic contours at 20m intervals. 
 
7.2.2 Methods for the Paleomagnetic work  
Sixteen (16) sub-samples, from 2 different outcrops were analysed at the Otago Paleomagnetic Research 
Facility to estimate the geomagnetic field at the time of emplacement of the two rock-types, which form 
the Swinburn volcanic body (all results are shown in the Appendix C). Samples from the A2 outcrop 
are representative of the Quarry rock-type, whereas samples from the E3 outcrop belong to the Main 
rock-type. Oriented hand samples were collected during the field work, in order to have the correlation 
with the geomagnetic field at the time of thermal remanent magnetisation acquisition. Plunge and 
Azimuth of each sample were calculated and are listed in Table 7.1.  
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Table 7.1 Measurements from the collected samples. 
 
 
After the field work, all collected rocks were cut to 2-cm thick slabs and orientation lines were drawn 
on each sample’s surfaces (Fig.7.3), in the laboratory of the department of geology.  
 
Fig. 7.3. Schematic representation of sample preparation technique. The thick dashed line represents the cut of 
the slab. 
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Samples, approximately 10cm3, were demagnetised by using the alternating field (AF) demagnetization 
technique. Progressive increments of 5 and 10mT were applied. The magnetometer is located within a 
150nT magnetically shielded room. The magnetic components were analysed and isolated using 
principal component analysis (Kirschvink, 1980) with the PuffinPlot software (Lurcock and Wilson, 
2012). 
The magnetic mineralogy was determined using two types of experiments. Hysteresis loops and 
isothermal remanent magnetisation (IRM) were performed by using a Princeton Measurements 
Corporation Vibrating Sample Magnetometer (VSM, MicroMag 3900). About 0.125cm3 of 4 selected 
samples (2 for each rock-type) were crushed and their weights measured. Hysteresis loop analysis 
comprises two steps: a) demagnetizing of the samples b) inducing a magnetic field with a maximum 
strength of 500mT, achieved by increments of 4mT. For IRD measurements 30 points were analysed 
and initial as well as final fields were fixed to 5µT and 500mT, respectively. Subsequently, hysteresis 
loop and IRM results were normalized in effect size by using the measured sample masses. Automatic 
paramagnetic slope corrections, have also been applied. 
 
7.3 Results 
7.3.1 Geophysical survey results  
Final magnetic maps (Fig 7.2, 7.4) show very inhomogeneous magnetic signals across the Swinburn 
volcanic body, with areas of igneous rock commonly showing a lower magnetic response than the 
country rocks. The magnetic signal in areas covered by Swinburn Main rocks is between ~58600 and 
~58800nT (from violet to light blue colours in Fig. 7.4). A higher (>58800nT) signal was identified for 
areas covered by the Quarry rock-type (from green to dark red colours in Fig. 7.4). Areas with country 
rock at the surface (e.g. schist and K.G. marine units) display a common magnetic response between 
~59100nT and ~59500nT (from yellow to dark red colours in Fig. 7.4). 




Fig. 7.4. 3D magnetic map of Swinburn Volcanic Complex. Topographic contours at 20m intervals. A1, A2, A3 and B1, B2 are 
the tracked magnetic profiles. Inside the Quarry rocks area (delimited by white dashed lines) there is Zone I, where there is a 
low magnetic signal (see discussion). 
 
It is predicted that where volcanic rock is mapped its thickness will be a major control on the magnetic 
intensity measured. To investigate the thickness and form of the Swinburn body, two cross sections were 
constructed based on the geological map and later digitized (Fig. 7.5). They were associated with 5 
magnetic profiles, which were extracted from the magnetic map (Fig. 7.4) by using GRASS GIS 6.4. 
Both cross sections (A-A’ and B-B’ in Fig. 7.5; 7.6; 7.7) and magnetic profiles (A1-A2-A3 and B1-B2-
B3 in Fig. 7.4; 7.6; 7.7) cut the same areas of the Swinburn volcanic body (N-S and E-W). There are 
informative correlations between geological and magnetic data. 




Fig. 7.5. Geology map of Swinburn Volcanic Complex. A-A’, B-B’ indicate the cross section lines. A2 (45°9'19.46"S; 
170°19'14.20"E) and E3 (45°8'44.85"S; 170°20'14.13"E) are the outcrops where samples for paleomagnetic work were 
collected. Contour interval 20 m. 




Fig. 7.6. A1/A2/A3 magnetic profiles (top) and the corresponding A-A’ cross section (bottom). They cut the Swinburn body 
from North to South. Black spots in the top graph indicate the average of three magnetic profiles (A1, A2, A3). The most 
relevant correlations between inferred geology and magnetic signal are indicated by the red and grey dashed lines. The first 
one (the magnetic trough) denotes the rock change in correspondence of the mapped fault. Other troughs located inside the 
Swinburn body are inferred to be related to local increases in thickness of Main rocks, which are reversely magnetised. The 
grey dashed line indicates the possible association between a small trough and the likely overlap of Quarry and Main rocks. 
Such overlap of igneous rocks produces a local decrease of the magnetic signal in that point. See Fig. 7.5, for the legend 
relative to the cross section. 
 
 
Fig. 7.7. B1/B2 magnetic profiles (top) and the corresponding B-B’ cross section (bottom). They cut the Swinburn body from 
West to East. Black spots in the top graph indicate the average of the two magnetic profiles (B1, B2). The continuation of the 
fault could be inferred in this area (not shown in the map, Fig. 7.5) to explain the difficult geological contacts, yet question 
marks were also included to indicate that these remain uncertain features. The presence of the pyroclastic rocks is denoted by 
a negative magnetic peak. The possible Quarry and Main rocks overlap in this area (grey dashed line) generates an unexpected 
increase in the magnetic signal (see text for further explanation). See Fig. 7.5, for the legend relative to the cross section.  
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Both Fig. 7.6 and Fig. 7.7 show strong inhomogeneities of the magnetic signal recorded where Swinburn 
body is mapped. Magnetic signal variations often match the mapped geological features. For example, 
in Fig. 7.6, the fault shown on the cross section corresponds to the location of a significant drop in 
magnetic signal (red dashed line). Only one strongly negative magnetic signal (trough) was recorded on 
the line, even though the cross section shows three pyroclastic outcrops. The reason that there are not 
more magnetic troughs is related to the interpolation process used by GRASS GIS 6.4. Unlike the real 
magnetic responses which were acquired directly on the indicated pyroclastic point (black dashed line 
on Fig. 7.7), the magnetic signals from the other two pyroclastic outcrops were interpolated over lengths 
that included non-pyroclastic rocks, so the associated negative peaks were lost. Another buried feature 
can be inferred from the geological - magnetic correlation. There is an area where an overlap of Quarry 
and Main rocks seems possible from geological mapping. A small magnetic trough (grey dashed line, 
Fig. 7.6) was detected in an area where the general upward magnetic trend indicates a progressive 
reduction of the igneous-rock thickness. In Fig. 7.7, the pyroclastic rocks of the cross section matched 
the negative peak in the magnetic profile graph (black dashed line). An anomalous increase in magnetic 
signal has also been recorded above Quarry rocks.  
 
7.3.2 Paleomagnetic results summary  
Three types of diagrams were used to analyse the remanent magnetisation behaviour using alternating 
field (AF) demagnetisation (Fig. 7.8 and 7.9):  
A) a Decay curve of magnetisation that measures the intensity of magnetisation left after each field 
demagnetization step.  
B) a Zijderveld diagram (Zijderveld, 1967), which is the orthogonal projection of the remanence vector 
onto the horizontal and either the N-S or the E-W vertical plane. It depicts the composite magnetisation 
vector after each demagnetisation step, allowing the immediate resolution of a multicomponent 
magnetisation of any given sample, and shows the AF strength (megaTesla (mT)) values at which they 
are completely erased.  
C) Stereoplot of the magnetic components (showing declination and inclination). 
A2 (Quarry rock-type) and E3 (Main rock-type) dolerite samples were subjected to progressive 
demagnetization and show significant scatter in otherwise linear trajectories of vector component 
diagrams (Fig. 7.8 and 7.9, respectively). Principal component analysis (PCA) was used to determine 
the direction of the best-fit line through a set of scattered observations (in red are the chosen best-fit 
lines for the PCA, in Fig. 7.8 and 7.9). In addition, a maximum angular deviation (MAD) (shown in the 
Appendix C) was calculated to provide a quantitative measure of the precision with which the best-fit 
line is determined.  
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The main results obtained with the paleomagnetic work are: 
1) Both rock type samples (Quarry and Main rock types, Fig. 7.8 and 7.9, respectively) return a 
positive magnetic inclination, indicating emplacement during a period when the field was reversed from 
the present-day one. Reversely magnetised rocks yield a reduction in total signature measured in the 
field in today's magnetic field. 
2) Magnetic intensity is stronger (by about 2 orders of magnitude) for E3 samples (representative 
of Main rock-type) (Fig. 7.9) than for A2 samples (representative of Quarry rock-type) (Fig. 7.8). 
 
Fig. 7.8. A) Plots of the intensity decay curve B) Zijderveld diagram C) Stereoplot of the magnetic components of Quarry rock-
type (A2) samples. Filled or empty black squares indicate all the measurements; the filled or empty red squares represent the 
best data selected for the calculation of the principal component analysis (PCA). In the Zijderveld diagrams (C), the blue lines 
mark the PCA and determine the direction of the best-fit line, through a set of scattered observations. Results from three A2 
samples are not shown, because they were strongly affected by the alteration (for all data check the Appendix C).  




Fig. 7.9. A) Plots of the intensity decay curve B) Zijderveld diagram C) Stereoplot of the magnetic components of Main rock-
type (E3) samples. Filled or empty black squares indicate all measurements;the filled or empty red squares represent the best 
data selected for the calculation of the principal component analysis (PCA). In the Zijderveld diagrams (C), the blue lines mark 
the PCA and determine the direction of the best-fit line, through a set of scattered observations.  
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Magnetic mineralogy was also measured through two different experiments, as the hysteresis loops and 
the isothermal remanence magnetisation (IRM). Two samples of each rock-type were selected for 
hysteresis and IRM analysis, and results are summarized in Table 7.2, 7.3 and plotted in Figures 7.10, 
7.11, respectively. Strong differences in the amount of Fe-Ti oxides inside the two rocks-types, have 
been found. Parameters measured in the A2 Quarry rock type (e.g. magnetic remanent(Mr) and magnetic 
saturation(Ms)) are orders of magnitude lower than the same values detected in E3 Main rock-type 
samples (Appendix C, Fig. 7.10 and 7.11).  




Table 7.3 IRM measurements. Parameters of the Quarry (A2) and Main (E3) rock-type samples.  
 
  




Fig. 7.10. Hysteresis loop of the Quarry (A2) and Main (E3) rock-type samples. Note the much higher magnetization (M) 
(different orders of magnitude) resulted for E3 samples, applying the same field for all studied rocks. 
 
Fig. 7.11. IRM curves of the Quarry (A2) and Main (E3) rock-type samples. 
  




The magnetometer survey and the integrated paleomagnetic work helped understand the magnetic 
features as well as the thickness variations of the Swinburn body. Typically, volcanic rocks contain more 
oxide minerals (e.g. titanomagnetite) than schist or marine/fluvio lacustrine units like those present in 
the Swinburn area. Hence, the lower magnetic signal detected for in the field at sites where igneous 
rocks are mapped is anomalous. A reversed magnetic field during Swinburn Volcanic Complex activity 
(at 15.6 ± 0.6 Ma, McDougall and Coombs, 1973) yielded reversely magnetised igneous rocks, so the 
more igneous rock at a site, the lower the total intensity measured under today's magnetic field. Reversed 
polarity at this time (~16 Ma) has been detected before (e.g. Jovane et al., 2013) as well as recorded in 
mid‐Miocene lava flows of Gran Canaria (Leonhardt et al., 2002). This clarifies the reason why the 
magnetic signal at sites where Swinburn Main rocks are mapped is usually lower than ~58800nT, while 
it is higher, ~59100nT, at sites with country rocks mapped (scale 1). Sites with Swinburn Quarry rocks 
mapped show an intermediate magnetic signal which is generally higher than where Main rocks are 
present, but lower than where only country rocks are present. 
 
Scale 1. Different magnetic signals obtained from different type of rocks. Lower for Swinburn Main rocks and higher for 
country rocks (e.g. schist and K.G. marine units). 
 
For the Swinburn Volcanic Complex, the magnetic signal was strongly influenced by the proportion of 
volcanic rocks with respect to country rock (sedimentary and metamorphic) through the magnetometer-
investigated depth of ~100 m. Differences in magnetic signal for different areas of the mapped volcanic 
body are inferred to represent differences in thicknesses of basalt or dolerite above underlying country 
rocks. Where the volcanic rocks (lower signal) are thin, the magnetic response is dominated by the 
underlying country rocks (higher signal), with the result that the total magnetic response increases 
(>5900nT), closer to the red colours shown in the 3D map (Fig. 7.4 and scale 1). In contrast, where the 
volcanic rocks are thick, the magnetic increment associated with the country rocks is negligible. At these 
sites, the final magnetic response is more affected by the lower signal. Hence, the total signal is given 
by the reversed signature of the volcanic body (<58800nT) and yields blue/violet colours on the 3D map 
(Fig. 7.4 and scale 1). 
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The strong reverse magnetisation of the Main type rocks supports such thickness interpretations, but it 
doesn’t work for the Quarry type rocks. The signal from Quarry rocks, which have very low total 
magnetisation, is almost undetectable in the field. The magnetic mineralogy explains the different 
magnetic response of Quarry rocks. Hysteresis loop and IRM results show low amounts of Fe-Ti oxides 
in the Quarry rocks (Tables 7.2, 7.3 and Figs. 7.10, 7.11), confirming the difference in mineralogy 
between these rock-types noted optically.   
Sites where Quarry and Main rocks are both present can be inferred by the correlation of geological and 
magnetic results. The limited magnetic trough (grey dashed line, Fig. 7.6), in an area where the 
progressive reduction in thickness of igneous rocks is suggested by the generally increasing magnetic 
signal, may indicate an increased thickness of igneous rocks where Quarry rocks are present above Main 
rocks, with both contributing to strongly reduced total magnetic signal at this point. (grey dashed line, 
Fig. 7.6).  
The mapped continuation of the fault through, or under, the Quarry rocks is poorly constrained. In the 
south-west of the area, the magnetic data don’t show any clear variations like those seen where the fault 
crosses the magnetometer section in the North-South cross section (Fig. 7.6). The fault's continuation 
remains very uncertain (Fig. 7.5).  
Presence of both Quarry and Main rocks at another site is suggested by low magnetic anomalies (Zone 
I in Fig 7.4), which are uncommon inside the Quarry rock area. Unlike the overlap deducted in Fig. 7.6 
(where the thickness of the Main rocks was important), in Zone I Main rocks are not thick enough to 
significantly decrease the total magnetic signal. Hence, the acquired magnetic trend increases in that 
point because it is mostly given by Quarry and country rocks. The quarry rocks have a lower magnetic 
mineralogy (less oxides) and, since they have reversed polarity, their low signal yields a higher total 
magnetic signal in today's magnetic field (grey dashed line in Fig. 7.7).  
A low magnetic signal for volcanic rocks is also consistent with the measurement taken directly above 
an outcrop of pyroclastic rocks (see black dashed line in Fig. 7.7). The measure on that point shows a 
direct decrease in the magnetic response. The correlation between cross section and the correspondent 
magnetic profile show a clear magnetic trough at this exposure of pyroclastic material (Fig. 7.7). The 
magnetic signal of pyroclastic rocks was not measured during the paleomagnetic work but it seems 
probably that they have a very low signal. Hence, the decrease in the magnetic response (black dashed 
line in Fig. 7.7) could also, and probably more likely indicate that there is a body of strongly reverse-
magnetised coherent rock, deeper in the diatreme structure (e.g. from mafic intrusions). 
As shown by the geological map (Fig. 7.1), erosion has reached to deeper levels on the uplifted side of 
the fault, in the western part of the complex (Fig. 7.12). Two localities (Fig. 7.12) present the maximum 
exposed thicknesses of the Swinburn igneous body (localities 1 and 2 in Fig 7.12), neither exposes the 
bottom contact between volcanic and country rocks. The maximum exposed thicknesses are 70 m for 
Quarry rocks and 90 m for Main rocks, in the south west and south of the Complex, respectively (Fig. 
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7.12). The quality of exposure for the Swinburn Volcanic Complex area is rather poor, particularly on 
the main Swinburn Plateau, so magnetic results were crucial for interpreting subsurface geology. In 
particular, magnetic data suggest inhomogeneous thickness variations of the Swinburn body, and do not 
support the presence of any thick body (much greater than 70 m) of unexposed dolerite under Swinburn 
Plateau. 
 
Fig. 7.12. Google earth map showing the possible extension of the fault (red dashed line) and the two localities where there 
are outcrops with the possible maximum thicknesses of Swinburn volcanic body. 
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CHAPTER 8 – SWINBURN MAIN ROCK-TYPE AND ITS 
SEGREGATION STRUCTURES: TEXTURE, 
GEOCHEMISTRY AND IMPLICATIONS 
 
8.1 Introduction 
This chapter will describe the petrography, mineralogy, major and trace elements of the main Swinburn 
body, which has a doleritic texture and hosts a suite of segregation structures. The geochemically similar, 
and also doleritic, Quarry rocks lack segregation structures, and are not further addressed in this chapter. 
Following a brief summary of segregation structures identified in different volcanic rocks worldwide, 
the field, textural, and geochemical features of the main Swinburn host rock and its segregations are 
described and interpreted. The chapter closes with analysis of the emplacement and cooling history of 
the Swinburn main body. 
A total of 24 hand specimens were chosen from different sites in the Swinburn Volcanic Complex (Fig. 
8.1), with the least-altered samples selected. Nine (9) samples from segregation structures (JJ4, JJ3, C6, 
C7, D5, J20, J16, J13, F11), and 15 from the Swinburn Main-type rock were analysed by using the SEM-
EDS. Then, 2 segregation-structure samples (JJ3 and F11) and 7 Main rock-type (host rock) samples 
were processed for whole-rock major and trace-element geochemistry (see subchapter 1.5 for more 
detailed descriptions of the methods used).  




Fig. 8.1. Geological map of Swinburn Volcanic Complex, showing sample sites for dolerite host rock and segregation 
structures. The altitudes above sea level for some samples (number in brackets) as well as the cross section line C-C’-A’, are 
considered in analysis of the dolerite's cooling history in subchapter 8.4. 
 
8.2 Review of segregation structures  
During crystallisation of a basalt, residual liquids can separate from the crystallizing matrix and migrate 
to form segregation veins (also called sheets), cylinders, and so-called segregation vesicles (Kuno 1965; 
Smith, 1967; Anderson et al., 1984; Goff, 1996). Pegmatitic segregation structures have been identified 
in several lava flows globally (Greenough 1992; Puffer and Horter 1993; Philpotts et al., 1996; Hartley 
and Thordarson 2009), in lava lakes (e.g. Helz 1987 and 1989), and in sills (Ragland and Arthur, 1985; 
Steiner et al. 1992; Walker, 1953; Carman 1994; Larsen and Brooks 1992; Marsh, 2002).  
 
8.2.1 Segregations in lava flows/lakes  
Segregation veins (or pegmatitic sheets) are often associated with other segregation structures such as 
segregation cylinders and segregation vesicles (Goff, 1996; Caroff et al., 2000; Kuritani et al., 2010). 
Several explanations have been presented to explain the origin of these segregations. Basaltic 
segregation liquid is generated on the lower part of the flow (Helz, 1980; Philpotts et al., 1996). After 
its formation, such liquid can reach the upper crystallization front through vapour bubbles according to 
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Puffer and Horter (1993). When pressure gradients result from volatile partitioning into the residual 
melt, segregation is described as gas filter pressing (e.g., Anderson et al., 1984; Sisson and Bacon, 1999) 
or vapor differentiation (e.g., Goff, 1996; Caroff et al., 2000; Merle et al., 2005)  
Partial crystallization of a lava followed by completion of crystallization at a higher confining pressure 
can generate the residual melt which can move into early-formed vesicles before consolidation of the 
lava (Smith, 1967). Schipper et al., 2017 described the segregation structures detected in different 
pyroclasts as the result of systematic gas filter pressing-segregation processes, where microlite 
crystallization produced local gradients in volatile supersaturation and vapor pressure that drove melt 
extrusion into adjacent vesicles. Segregation processes have been identified in a range of basaltic magma 
types and a range of subaqueous eruption depths (Schipper et al., 2017). Segregation veins can form 
either from residual melts filling horizontal cracks cutting the crystalline mush during cooling and 
solidification of the mush and, in very thick lava units (~100 m), these are fed by a segregation liquid 
coming up from a compacted mushy zone located at the bottom (Philpotts et al., 1996). 
Diktytaxitic texture (texture of certain basalts containing abundant angular interstitial gas cavities 
among the plagioclase laths) is often cited as the most important evidence supporting the gas filter-
pressing model (Anderson et al. 1984; Goff, 1996). This model is one of those most invoked to describe 
the formation of segregation structures in lava flows (Anderson et al. 1984; Bacon 1986; Sanders 1986; 
Rogan et al. 1996; Goff, 1996). For this process, a rigid permeable network of crystals is formed during 
the undercooling of a crystallising vesicular lava. Further cooling and growth of anhydrous minerals 
produces additional vesiculation of the residual melt (second boiling). The created bubbles force the 
vesicular residual melt to flow through the permeable matrix into lower-pressure regions, where they 
can spread and crack through the host to form segregation veins. 
Philpotts et al. (1996) interpreted pegmatitic segregation structures in a ~100 m thick flood basalt to 
have been emplaced as a residual fluid, representing the last liquid separated from the surrounding basalt 
when the flow was no more than 33% crystallised. After the interconnected crystal mush was formed, a 
compaction event occurred, so that the final product was a homogeneous crystalline basalt without 
vesicles.  
Concepts from these models are useful for explaining features seen in the Swinburn rocks. I rule out 
applicability of other models, such as crystal settling (Gibb and Henderson, 1992), flow differentiation 
(Komar, 1972) or compositional convection (Tait and Jaupart, 1992; Carman, 1994), because there are 
no strong geochemical differences between Swinburn segregations structures and the host dolerite (as 
described in following subchapter 8.3).  
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Segregation structures in sills were described for the first time in serpentinites of the Lizard Area in 
England (Fox and Teal, 1893). They were often reported as isolated bodies adjoining the mafic or 
ultramafic cumulates of a plutonic host whose mineral assemblages are partly reflected in the pegmatite 
(Lovering and Durrel, 1959; Cameron and Desborough, 1964; Reitan, 1970; Yajima, 1972; Bialowolska, 
1980; Viljoen and Scoon, 1985; Beard and Howard, 1986).  
Intrusive segregation structures (often called gabbroic pegmatites) were inferred to be crystallised from 
‘intercumulus liquids’ which migrated to random locations within the cumulates. There, they 
accumulated and crystallised while retaining a relatively high dissolved H2O wt.% (Lovering and Durrel, 
1959; Cameron and Desborough, 1964). Segregation structures have also been interpreted to result from 
metasomatism of the primary igneous mineral assemblage by highly reactive high-temperature 
hydrothermal solutions (Wager and Deer, 1938; Wager and Brown, 1967; McBirney and Noyes, 1979; 
Taylor and Forester, 1979; Hoover, 1982; Norton et al, 1984; Bird et al., 1986; Irvine, 1987; McBirney 
and Sonnenthal, 1990). Gunn (1966) suggested that late-stage melt begins percolating upward once the 
whole sill becomes 80% crystalline. The upward percolating melt forms lenses at successively deeper 
levels, as the horizon of high strength rock migrates progressively deeper with cooling. He concluded 
that, at large degrees of crystallinity, melt migration is only possible if compaction takes place 
somewhere deeper in the underlying column (Gunn, 1966).  
As briefly discussed above, similar origins and modes of migration to produce segregation structures 
have been considered for both effusive and intrusive rocks. In this chapter, all the petrographic and 
geochemical features of Swinburn segregations and host rock are described in order to create a new 
model that explains all of the Swinburn main body's distinctive features. 
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8.3 Swinburn host rock and segregations 
8.3.1 Petrography and mineralogy of the host rock and segregation structures 
Host rock (Main rock-type dolerite) is characterised by ophitic textures composed of 0.5 to 2 mm 
oikocrysts of augite and olivine overgrown by up to 2 mm long plagioclase chadacrysts (Fig. 8.2B). 
Poikilitic texture is also present with smaller olivine crystals enclosed by bigger clinopyroxenes (Fig. 
8.2B). Segregation products, some with forms like those described in other publications as 'veins', are 
recognized inside the Swinburn Main rock-type (Fig. 8.1). They are distinguished from the host basalt 
by their coarser (pegmatitic) crystal sizes (comparison in Figs. 8.2A, B, C and 8.3).  
Segregations having a subhorizontal lensoid shape with a thickness ranging from 0.5 to maximum 1.5 
m in outcrop (Fig. 8.2A) match features called 'veins' in other papers. These lensoid segregations at 
Swinburn have a sub-ophitic texture consisting of coarse (0.5 – 2cm long) plagioclase, augite, and oxide 
(ilmenite, titanomagnetite) (Fig. 8.2C). Crystals are more strongly zoned than are the same crystal 
species in the host rock. Some lensoid segregations (also called veins) bifurcate, and they are often 
connected with other lensoid segregations above or below (Fig. 8.2A).  
 
Fig. 8.2. A) Swinburn host rock containing lensoid pegmatitic segregations. Note the bifurcation connecting the upper and 
lower segregations (45° 8'52.83"S; 170°20'8.49"E). B-C) Photomicrographs of host rock and a lensoid segregation. Both 
display typical ophitic and poikilitic textures but crystals in the segregation are larger than in the host rock (crossed polars) 
(45° 8'44.85"S; 170°20'14.13"E). 
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Immediately above the vesicular lava at site E3 (chapter 6), the first ~7 m of the doleritic host rock are 
full of centimetric segregation domains. These smaller segregation products have sizes ranging between 
0.5 and 10 cm. Some segregation domains present circular shapes on outcrop surfaces (similar to small 
patches) (Fig. 8.3), other ones are characterized by more-cylindrical shapes (Fig. 8.4). Both bigger 
lensoid segregations and smaller domains are segregation products bearing only holocrystalline rock, 
inferred to have formed from residual liquid. The small domains, like the bigger lensoid segregations 
called 'veins', show a sub-ophitic texture coarser than the host rock. Both present plagioclase as the 
major phase with the majority of plagioclase crystals that are euhedral. Fe-Ti oxide and augite crystals 
also form both veins and domains but they are present in minor amount than plagioclase. Segregation 
domains are texturally different from bigger segregation veins because of the more abundant amount of 
plagioclase crystals at the centre, the other main phases are concentrated at the contact with the host 
rock. In addition, domains present an inward growth, in fact they have crystals at their edges that are 
elongate normal to the domain boundary and exhibit euhedral tips toward the domain interiors (Fig. 8.4).  
 
Fig. 8.3. Photomicrographs of two small segregation domains within doleritic host rock. (A) plane light, (B) crossed polars. 
Olivine (Ol), clinopyroxene (Cpx), plagioclase (Plg) oxide (Ox) (45° 8'44.85"S; 170°20'14.13"E). 
 
Fig. 8.4. A) Small cylindrical segregation domain at the bottom of the Swinburn dolerite (45° 8'44.85"S; 170°20'14.13"E). B) 
Photomicrograph of the contact between segregation domain and host rock (crossed polars). Note in A the contact-normal 
elongation of the domain crystals. Like the ellipsoid segregation 'veins', segregation domains have a pegmatitic texture with 
centimetric crystals, whereas the host rock shows a smaller crystal size. Olivine (Ol), clinopyroxene (Cpx), oxide (Ox).  




Plagioclase is the most abundant phase in segregation veins and especially in domains. Crystal forms 
range from euhedral to subhedral. Generally, rims are richer in sodium and poorer in calcium. 
Plagioclase cores and rims are both more evolved in segregation veins (An68-0) (Or45-0) (Ab75-38) and 
domains (An36-0) (Or43-1) (Ab92-55) than are the cores of plagioclase in the host rock (An69-55), (Or3-1) 
(Ab47-30) and rims (An62-25), (Or20-3) (Ab60-31) (Fig. 8.5). The domains show the highest abundances of 
alkali feldspars (anorthoclase and sanidine), many of which have darker rims surrounding the crystals. 
Cores of feldspars within segregations are depleted up to 12 wt.% aluminium and 10 wt.% calcium 
relative to those in the host rock ones. 
 
Fig. 8.5. Microanalysis of feldspar cores (A) and rims (B) from segregations and the host rock. Plagioclases inside veins and 
domains are more sodic. They also show a higher amount of K-feldspars than the host rock. 
Transects along the lengths of plagioclase crystals extending into domains from their margins have been 
performed using EDS and show systematic variations in major element composition (Fig. 8.6). There is 
a decrease in Ca wt.% and associated increase in both Na wt.% and K wt.% from the domain margin to 
the innermost parts of the crystals (Figs. 8.6A and B). Plagioclases are more evolved in the inner parts 
of the domain than the edges. 
 
Fig. 8.6. A) SEM-EDS image showing where the measurement (transect in red line) have been carried out. B) EDS transect 
result displaying the decrease of Ca wt.% associated with an increase in Na wt.% and K wt.% going inward along the crystal 
from the domain margin.  




Clinopyroxenes of segregation veins (Wo54–41 En48-13 Fs67–12), domains (Wo47–41 En41-33 Fs22-15) and host 
rock (Wo48–42 En47–31 Fs19–11) are all euhedral-subhedral augites with rims richer in iron (Fig. 8.7) and 
poorer in magnesium than cores. In segregations, clinopyroxenes display a more accentuated zonation, 
and are depleted in magnesium and richer in iron than host-rock ones (Fig. 8.7). Rims in veins are 
enriched by an average of 4 wt.% in iron compared to augite rims of the host rock. 
 
Fig. 8.7. Microanalysis of clinopyroxene (A) cores and (B) rims from the host rock and segregations. Augite crystals forming 
veins and domains are enriched in iron and depleted in magnesium than the augites of the host rock. 
 
Olivine and Fe-Ti Oxides 
Olivine crystals both in segregation veins (Fo66-24) and host basalt (Fo70–54) are euhedral, with rims richer 
in iron and poorer in magnesium than cores. Such zonation is stronger in the larger segregated bodies 
(veins), where both cores and rims are enriched in iron than host basalt ones (Fig. 8.8). Olivines were 
not detected inside the smaller segregation domains. 
 
Fig. 8.8. Microanalysis showing the rim compositions of olivine crystals forming segregation veins and host rock. As with 
clinopyroxenes, olivines of segregation veins are richer in iron and depleted in magnesium than the host rock ones. Mg#: 
Magnesium number (MgO wt.%/MgO wt.%+FeO wt.%). 
  




Titanomagnetite and ilmenite crystals in segregations and in the host rock contain up to 54 wt% and 83 
wt% of TiO2 and FeO, respectively. Fe-Ti oxides are important accessory phases both in the host rock 
and in segregations.  
 
8.3.2 Whole-rock compositions 
Major element composition: 
The Swinburn main host rock has generally a higher Mg# (56-61) than do segregation veins (~50) or 
domains (~47). The host rock is compositionally transitional from sub-alkaline to alkaline basalt (45.8 
< SiO2 wt. % < 47.5) (Na2O + K2O = 1.9 – 3.7 wt.%), whereas segregation structures are slightly 
enriched in alkalis (~4.36 and 3.83 in veins and domains, respectively) and SiO2 (~48.80, in veins) (Fig. 
8.9). 
 
Fig. 8.9. Total alkalis versus silica (TAS) diagram with XRF whole rock data from Swinburn host rock and segregation 
structures. Analyses normalised to 100%.  
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Variation diagrams (Fig. 8.10) show important differences in major element oxide abundances. Cores 
and rims of clinopyroxene crystals in segregations have more FeO and Na2O, but less CaO, Al2O3 and 
MgO, than do clinopyroxenes of the host rock (Fig. 8.10). Plagioclases of veins and domains are 
enriched in Na2O, K2O and depleted in Al2O3 and CaO (Fig. 8.11).  
 
Fig. 8.10. SiO2-major element oxide variation diagrams (wt.%) of clinopyroxenes of host rock and segregation structures. The 
black arrow indicates the increasing or decreasing of major elements in crystals of segregations structures. 




Fig. 8.11. SiO2-major element oxide variation diagrams (wt.%) of plagioclases of host rock and segregation structures. The 
black arrow indicates the increasing or decreasing of major elements in plagioclases of segregations structures. 
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8.3.3 Trace element compositions of segregation structures and the host rock 
LA-ICP-MS analyses were performed on plagioclase and clinopyroxene in dolerite host rock and the 
hosted segregation structures. Rare Earth Element (REE) trends measured on plagioclases are very 
similar among the studied rocks, with an overall negative slope from La to Lu (Fig. 8.12A). Common 
negative slopes both for LREE/MREE and for MREE/HREE are found for clinopyroxenes (Fig. 8.12B). 
Segregations are generally more enriched in incompatible elements than is the host dolerite (red patterns 
in Fig. 8.12). Small domains ((JJ3) grey patterns in Fig. 8.12) present the highest peaks in REEs. They 
have also higher incompatible elements than do the larger segregation veins (black patterns in Fig. 8.12). 
Distinctive peaks and troughs for Eu characterise plagioclases and clinopyroxenes, respectively (Fig. 
8.12). 
 
Fig. 8.12. Chondrite-normalised (McDonough and Sun, 1995) distribution of trace elements in (A) plagioclases and (B) 
clinopyroxenes of segregation veins (black patterns), smaller segregation domains (grey patterns) and host rock (red patterns). 
Note the negative Eu anomalies (stronger for segregations) suggesting that plagioclase fractionation preceded clinopyroxene 
fractionation during segregation-vein development.   
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As for REE trends, also all trace element patterns confirm an enrichment in incompatible elements 
within segregation structures (Fig. 8.13). There are trace elements which can be particularly affected by 
alteration (e.g. U, Er) so some peaks are stronger, weaker or different, depending on the level of 
alteration of the sample (e.g. variable concentrations of U and Er in Fig. 8.13A).  
 
Fig. 8.13. Primitive mantle normalised (Sun and McDonough, 1989) distribution of the trace-element content in plagioclases 
(A) and clinopyroxenes (B) of segregation veins (black patterns), segregation domains (grey patterns) and host rock (red 
patterns).  
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8.4 Swinburn Main Rock-Type: Geochemical investigation of the cooling 
history 
Recent experimental studies (Hammer, 2006; Lofgren et al., 2006; Mollo et al., 2010 and 2011b, Iezzi 
et al., 2011) have shown how the chemical variation of crystallizing phases is related to the cooling 
history of magmas. They demonstrated that not only textural variations, but also mineral chemistry, can 
reflect different cooling regimes.  
To investigate the unusually coarse crystallinity of the Swinburn main body, which is a homogeneous 
dolerite not only in its interior but also at its basal contact with underlying vesicular lava, two 
geochemical investigations were done to assess the cooling history of the main rock-type. The goal was 
to acquire new information about the possible environment in which this magma crystallised. Here, I 
use bottom, mid-level, top to indicate vertical relationships, and central or plateau margin/edge to refer 
to geographic (horizontal) variations. 
The first investigation was carried out at whole-of-unit scale. Rock samples were collected from 
outcrops in different altitudinal and geographic positions within the body's mapped area. Outcrops are 
limited across this area. Samples G15 (491 m, above sea level, asl), E3 (620 m) were collected near the 
bottom of the body and at the geographic margins of the Plateau. Samples E16 (683 m) and Swinburn 
Peak (727 m) were collected near the inferred top and lateral margins of the body. Samples E6 (635 
m), F2 (640 m), E12 (645 m), E15 (660 m), J12 (660 m) were collected going from the bottom to the 
top of the body, respectively. Among these, E12, E15 and J12 are representative of the horizontal 
margins of the Plateau, whereas samples F2 and E6 represent the central part of it (Fig. 8.14) 
The described relationships among these samples rest on the assumption that all of the geomorphological 
Swinburn Plateau is capped by a single unit of doleritic rock, from which it follows that samples from 
higher elevations, or those more central within the plateau, represent higher and more-central parts, 
respectively, of that unit. 
The second investigation was performed through a single suite of outcrops (Swinburn cleft, in Fig. 8.1), 
with samples systematically collected (every 5m) from the base to the uppermost exposed part of the 
body here (590 m, 595 m, 600 m, 605 m samples) (Fig. 8.19). Unfortunately, the basal contact is not 
exposed in this area, so it is not entirely certain how far the lowest, 590 m, sample is from the base, nor 
how far the top, 605 m, sample is from the now-eroded original top of the body. Based on the form of 
outcrop at E3, it is estimated that the 590 m sample is probably from within a few metres of the basal 
contact (Fig. 8.19). 
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There are no systematic differences in texture among these samples, but following the rationale that an 
increasing cooling rate should be reflected by compositional variations, I analysed the rocks for major 
and trace elements in plagioclase and clinopyroxene crystals from samples at different vertical and 
horizontal positions inside the Swinburn body.  
 
Fig. 8.14. Cross section of the Swinburn Plateau where its centre and edges (or margins) are identified. The bottom and the 
top of the Swinburn body as well as the points where the samples used for the whole of unit scale investigation were collected, 
are also indicated. 
 
8.4.1 Whole-of-unit-scale investigation of the cooling history of the Main Swinburn body 
Major and Trace elements (including REEs) 
EDS measurements performed on minerals from the samples collected near top and bottom of Swinburn 
Plateau show different major element abundances than do samples from near mid-level of the plateau. 
Both clinopyroxene cores and rims are depleted in SiO2, CaO, MgO and enriched in TiO, Al2O3, FeO, 
Mn, Na2O, K2O relative to crystals in the innermost samples (Figs. 8.15 and 8.16). Enrichment is less 
marked than in clinopyroxenes, but plagioclase rims of the outermost samples also display more TiO, 
Al2O3, FeO, MnO, MgO, CaO and less SiO2, Na, K2O than same mineral rims from the plateau-centre 
samples (Fig. 8.16). Clear differences in major elements have not been found between plagioclase cores 
from near top and bottom vs. the same crystal cores of mid-level samples. Furthermore, it is not possible 
to identify any differences in major elements of crystals of the plateau edges (E12, E15, J12) vs. crystals 
of plateau centre (F2, E6) samples (Figs. 8.15 and 816). 
 




Fig. 8.15. Major element concentrations of clinopyroxene cores (left) and rims (right) collected at different sites inside the 
Swinburn volcanic body. Both clinopyroxene cores and rims from near top and bottom (inside the blue stripes) present different 
concentrations of major elements than clinopyroxenes cores and rims from near mid- level (inside the pink stripes). No 
difference can be identified for clinopyroxenes of samples from Plateau centre (F2, E6) than clinopyroxenes of samples from 
Plateau margins (E12, E15, J12). (G15:45° 8'19.81"S; 170°19'22.62"E. E3:45° 8'44.85"S; 170°20'14.13"E. E6:45° 8'58.60"S; 
170°20'33.76"E. F2:45° 9'13.14"S; 170°20'51.56"E. E12:45° 9'25.17"S; 170°21'17.85"E. E15:45° 9'50.23"S; 
170°20'54.95"E. J12:45°10'39.39"S; 170°20'18.02"E. E16:45°10'9.24"S;170°21'5.16"E. SP:45°10'29.52"S; 170°20'48.11"E). 




Fig. 8.16. Major element concentrations of plagioclase cores (left) and rims (right) collected at different sites inside the 
Swinburn volcanic body. Unlike plagioclase cores, plagioclase rims from near top and bottom (inside the blue stripes) present 
different concentrations of major elements than plagioclase rims from near mid- level 8inside the pink stripes). No difference 
can be identified for plagioclases of samples from Plateau centre (F2, E6) than plagioclases of samples from Plateau margins 
(E12, E15, J12). The grid-coordinates for all samples are specified in the caption of Fig. 8.15.  
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LA-ICP-MS measurements confirmed significant differences between clinopyroxenes core and rims of 
plateau-near top and bottom samples from those ones from near mid-level. The first clinopyroxenes 
present a higher concentration of REEs (violet trend in Fig. 8.17) than the latter ones (orange, yellow 
and green trends in Fig. 8.17). 
 
Fig. 8.17. Chondrite-normalised (McDonough and Sun, 1995) distribution of the trace element content in clinopyroxene cores 
(A) and rims (B) of dolerite samples collected at different sites from the Swinburn body. Trace element distribution of minerals 
coming from near and bottom of the Plateau margins are shown in violet patterns. Crystals from mid-level parts are shown in 
different colours. Clinopyroxenes from near top and bottom present an enrichment in incompatible elements than innermost 
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An opposite behaviour has been detected for feldspars (Fig. 8.18). Plagioclases of the near top and 
bottom samples (violet trends in Fig. 8.18) show less incompatible elements relative to the mid-level 
ones (orange, yellow and green trends in Fig. 8.18). The concentration of REEs in mid-level plagioclase 
crystals increases, showing preferential enrichments for LREEs (La, Ce, Pr, Nd,) relative to HREEs (Tb, 
Dy, Ho, Tm, Lu) (Fig. 8.18).  
 
Fig. 8.18. Chondrite-normalised (McDonough and Sun, 1995) distribution of the trace element contents in plagioclases cores 
(A) and rims (B) of dolerite samples collected at different sites from the Swinburn body. Trace element distribution of minerals 
coming from the top and bottom are shown in violet patterns. Crystals from innermost parts are shown in different colours. 
Outermost plagioclase rims have less trace elements than other innermost ones.  
 
However, as with major elements, trace elements do not show clearly different trends between crystals 
of the edge samples (E15, J12) vs. crystals of the plateau centre (E6) sample (Figs. 8.17 and 8.18).  
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8.4.2 Vertical section investigation of the cooling history of the Main rock-type 
Major and Trace elements (REEs) 
To test whether there is a detectable progressive variation in mineral compositions from the basal contact 
upward into the mid-level of the body, a group of samples was collected in vertical sequence, at 
elevations of 590, 595, 600 and 605 metres asl, from one group of contiguous outcrops at the northern 
edge of the Plateau (Fig. 8.19). The amounts of major and trace elements for clinopyroxenes in the two 
lower samples at 590 m and 595 m are similar to near top and bottom samples, whereas the 600 m and 
605 m clinopyroxenes have shown similarities with those ones of the near mid-level samples. 
Clinopyroxene cores and rims of samples closer to the bottom margin are depleted in SiO2, CaO, MgO 
and enriched in TiO, Al2O3, FeO, Mn, Na, K as well as enriched in REEs (Figs. 8.20 and 8.21, 
respectively). Clinopyroxenes of near bottom samples show major element trends and enrichment in 
trace elements similar to those detected in the previous whole-of-unit investigation for near top and 
bottom samples. The 590 m sample displays the only anomaly, having less trace elements in the rims. 
Also at this smaller scale, not all the samples show a progressive variation in major and trace elements, 
with instead an important gap (white stripe in Fig. 8.20). 
 
Fig. 8.19. Swinburn cleft outcrop where samples for the vertical section investigation, were collected. The position of the basalt 
contact (dashed red line) is inferred because it is not exposed (45° 8'46.45"S; 170°20'40.39"E). 
 




Fig. 8.20 Major element concentrations of clinopyroxene cores (left) and rims (right) collected at different vertical levels from 
the Swinburn volcanic body (at Swinburn cleft outcrop). 605 m and 600 m (inside the pink stripes) are the two samples closer 
to the mid-level part, the other two (595 m and 590 m, inside the blue stripes) are closer to the bottom of the body. 




Fig. 8.21. Chondrite-normalised (McDonough and Sun, 1995) distribution of the trace element contents in clinopyroxene cores 
(A) and rims (B) of dolerite samples collected at different vertical levels from the Swinburn volcanic body (at Swinburn cleft 
outcrop). 605 m and 600 m are the two samples closer to the mid-level part, the other two (595 m and 59 0m, inside the blue 
stripes) are closer to the bottom of the body. 
 
  




The youngest dated rock (the only dated rock – Quarry unit) in the Swinburn Complex has an age of 
~16 Ma, and if that represents the last product formed then the original volcanic deposits will have been 
degrading and eroding since then. In the western part of the Complex, where Otago Schist crops out at 
the surface, more than 100 m of Tertiary sedimentary deposits have been removed, along with an 
unknown original thickness of volcanic rocks and deposits. The Swinburn main body is unusually 
coarsely crystalline for a lava, and has pegmatitic, non-vesicular segregations, both better known from 
sills than from lavas. The fact that Swinburn's main body overlies pyroclastic deposits emplaced at the 
surface shows that it was not intruded into pre-volcanic country rock. No upper contacts of the main 
body have been identified, however, and the form and maximum height of volcanic edifice formed by 
Swinburn volcanism is not known. Could the body have been formed by intrusion into a plausible 
volcanic edifice at Swinburn?  
 
8.5.1 Ophitic textured host rock - Sequence of crystallization 
The initial composition of a basaltic magma determines its crystallization sequence (Bowen, 1956). 
Plagioclase, clinopyroxenes, olivines and oxides are the main phases of Swinburn rocks. Their textural 
features (seen in subchapter 8.3.1) can give additional information about the sequence of crystal growth 
within the Swinburn main body:  
a. Plagioclase laths penetrate the majority of clinopyroxene crystals (Fig. 8.2B, C). Such 
envelopment of plagioclase laths by larger clinopyroxenes is commonly interpreted to indicate 
that clinopyroxenes formed later (Krokström, 1932; Walker, 1957). Hence, Swinburn 
plagioclases and olivines crystallised early and more or less simultaneously. The clinopyroxene 
crystals began to form later on.  
b. The growth rate was higher for augites than olivines, as evidenced by their coarser crystal sizes 
and the poikilitic texture (Fig. 8.2B). Such texture indicates that olivines (chadocryst phase) 
nucleated and grew first, followed by the clinopyroxene crystals (oikocryst phase) which grew 
faster than olivines and engulfed them (Walker, 1957). Olivine crystals do not enclose 
plagioclase which, instead, are seen molded about olivine as well as the reverse. Such features 
indicate a more or less contemporaneous crystallisation of olivine and plagioclase (Anderson, 
1940; Walker 1957), with both crystallising earlier than clinopyroxene; all continued to 
crystallise simultaneously once clinopyroxene began. 
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8.5.2 Possible emplacement of the Main rock-type 
Petrographic differences were not identified in the samples collected from different elevations in the 
Swinburn body, different sites at the edges and centre of Swinburn Plateau, or within vertical sequence 
through the outcrop at Swinburn cleft along the plateau edge. Despite the lack of textural evidence, 
mineral chemistry seems to reflect cooling regimes which affected the dolerite. 
There are differences between clinopyroxene and plagioclases in samples from lower and higher 
elevations across the whole plateau, which are inferred to represent rocks formed closer to the bottom 
and top (G15, E3, E16, Swinburn Peak, respectively) of a single Swinburn Main body. Samples taken 
at intermediate elevations are inferred to represent samples taken from the middle levels of the body, 
furthest from its upper and lower contacts (E3, E6, F2, E12, E15, J12, E16, F10) (see map in Fig 8.1). 
Mineral compositions of mid-elevation samples (interior levels of the body) commonly overlap each 
other, while those of the crystals collected at higher and lower elevations, near the lower and upper 
contacts of the body, are geochemically different. Clinopyroxenes show greater differences than do 
plagioclases, particularly in concentrations of incompatible elements (e.g. Scarlato et al. 2014). 
Plagioclase and clinopyroxene crystals show marked compositional variations between mid-altitude 
(innermost) and lower-elevation (basal) and higher-elevation (body top) samples (Figs. 8.15, 8.16 and 
8.20). Such variations testify to disequilibrium growth of crystals in the inner, last-cooled, levels of the 
body versus the rapidly cooled basal and top parts (Coish and Taylor, 1979; Loomis and Welber, 1982). 
Whole-body investigation: Major and trace elements 
Samples from higher elevations of Swinburn Plateau are inferred to lie further above the base of the 
Main body. The composition of clinopyroxene changes under different kinetic conditions (Smith and 
Lindsley, 1971; Mevel and Velde, 1976; Grove and Bence, 1977, 1979; Grove and Raudsepp, 1978; 
Coish and Taylor, 1979; Gamble and Taylor, 1980; Lofgren et al., 2006; Mollo et al., 2010, 2011b). 
Fig.8.15 and 8.20 show that Swinburn body clinopyroxenes from near its base show core-to-rim 
enrichment in Al2O3, TiO, and FeO. This occurs in response to disequilibrium growth of the crystals 
leading to increased concentration of incompatible elements with increased cooling rates (Lofgren et al., 
2006). 
I note that, as for clinopyroxene crystals, the compositions of plagioclase rims in the basal samples can 
also be interpreted in light of recent experimental work demonstrating that with increased cooling rate 
plagioclase compositions are characterised by a decrease of SiO2 +Na2O+K2O and increase of 
Al2O+CaO+FeO+MgO contents (Figs. 8.16 and 8.20) (e.g. Mollo et al., 2011b; Iezzi et al., 2011). 
CHAPTER 8 – SWINBURN MAIN ROCK-TYPE AND SEGREGATION STRUCTURES  
___________________________________________________________________________ 
125 
Trace element distributions seem to be controlled by kinetic parameters in plagioclase collected from 
the higher and lower altitudes of the body, inferred to be sites closer to the body's top and base where 
the cooling rate would have been higher. They present lower REE abundances. As previously shown by 
the major elements, these kinetic geochemical effects are evident only in the plagioclase rims. This 
suggest that the rims formed at a late stage, after the Swinburn body had been emplaced.  
This behaviour is not, however, shown by clinopyroxenes. Despite the expected higher cooling rate, 
clinopyroxenes from the top and bottom samples show the highest amounts of REEs. I interpret their 
abundances as having been influenced by charge-balance mechanisms rather than kinetic parameters. 
Such behaviour may be explained by the lattice strain model of Blundy and Wood (1994). It asserts that 
REE incorporation into clinopyroxene is controlled by the available local charge-balance configurations. 
Aluminium is a change-balancing cation, so any change in its content, such as those induced along the 
natural cooling path of magma, affects the ability of clinopyroxene to incorporate trace elements 
(Blundy et al. 1998; Wood and Blundy 2001; Blundy and Wood 2003; Scarlato et al. 2014). The increase 
of aluminium at the expense of silicon in the tetrahedral site happens because of it is easy to locally 
balance the excess change (Blundy et al. 1998; Wood and Blundy 2001; Scarlato et al. 2014). Because 
of the more charge-imbalanced configurations, clinopyroxenes closer to the top and bottom of the body 
present higher concentration of aluminium (Fig. 8.15 and 8.20). Hence, during the crystallisation, they 
were more able to incorporate REEs into the crystal lattice than were other clinopyroxenes crystallised 
in parts of the body further from its top and bottom.  
As for the vertical margins, the horizontal ones influence the cooling. Geochemical results do not show 
any significant horizontal/lateral difference like those of vertical and inferred vertical sections do. 
Minerals of samples E12, E15, J12 (Fig. 8.1), which were collected next to the horizontal/outer margins 
of the Plateau do not show any geochemical ‘marginal pattern’ like that seen for the near top and bottom 
samples (in a vertical scale). Unexpectedly, minerals from Plateau edges have similar major and trace 
element patterns as do the minerals of F2 and E6 samples, which were collected near the Plateau centre. 
I infer that the lack of such correlation among outermost and innermost samples considering both the 
vertical and the horizontal scales, is related to the erosion and landslides which affected the most 
marginal areas of the Plateau. The geochemical data suggest that the original outer margins of the 
Swinburn main body have been removed. This would explain why geochemical differences were 
detected only across bottom-to-top sections, here using elevation as an indicator for the emplaced unit 
as a whole. 
Vertical section investigation: Major and trace elements 
Similar results have been found with the smaller scale investigation performed on samples from 
"Swinburn cleft". Here also, rather than a progressive variation, two different behaviours have been 
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recognised. Major and trace elements confirm a significant gap between the minerals of the inner 
samples versus crystals in samples near the bottom of the outcrop and inferred to lie below the central 
level of the tabular body. There are compositional gaps in major and trace elements for clinopyroxenes 
between the mid-level samples (605 m, 600 m) vs. lowermost (595 m, 590 m) ones. No linear, 
continuous compositional variations are noted, and there are also anomalous concentrations of REEs in 
the lowermost, 590 m, sample. 
These results can in part be interpreted as reflecting cooling rates in light of variations found in lava 
flows (e.g. Wilding et al., 1995; Zhou et al. 2000; Gottsmann et al. 2004), small intrusive bodies (e.g. 
Mollo et al. 2011b; Scarlato et al. 2014) and experimental works (Lofgren et al. 2006; Mollo et al. 2010; 
Iezzi et al., 2011). Unlike effects in the above cited works, however, the Swinburn body lacks a 
continuous progressive variation of the mineral composition going from the top and bottom of the 
tabular body to its innermost regions.  
I infer that the cooling rate of the Swinburn body did not decrease linearly away from the contacts, and 
that the body was affected by lateral variations in thickness, variations of thermal gradient with time, 
and variations of thermal diffusivity with temperature (Blundy et al., 2006; Whittington et al. 2009). 
The compositional gap could be related to the moment when the network of coarse groundmass crystals 
started to form. For example, the fact that the upper- and lower-sample plagioclases (especially their 
cores) do not show geochemical variations, could suggest that they were formed early, prior to 
emplacement and cooling effects. As discussed above (in subchapter 8.5.1), the sequence of 
crystallisation seems to suggest that plagioclase and olivine formed earlier than clinopyroxenes. Hence, 
most plagioclase crystals could have started to form in the conduit or during early emplacement of the 
body, when they were not yet affected by cooling in the upper and lower parts of the body, closest to its 
contacts. In contrast, the rims of plagioclase crystals were formed after emplacement and do record the 
geochemical effects of faster cooling. 
Together with the lack of glass or finely crystalline textures near its margins, geochemical results 
demonstrate that dolerite was involved in a stable cooling environment where temperatures did not drop 
drastically, so a coarse ophitic texture formed. Assuming that a long time is needed for this, the field 
evidence and geochemical variations seem to suggest intrusive emplacement for the Swinburn body.  
Because the Swinburn body overlies surface-emplaced pyroclastic rocks, the nature of what the body 
was intruded into needs consideration. This also yields uncertainty about the intrusive nature of the 
Swinburn body, so in the next subchapters the possibility of effusive emplacement is discussed.  
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8.5.3 Volatile retention and nucleation of the host basalt considering an extrusive 
emplacement 
‘‘Addition of material to chemically complex minerals requires diffusion of many different ions, and the 
overall process is controlled by the slowest atomic species. Addition of water to magma will reduce the 
viscosity and increase the diffusion rates of all species’’ (Higgins et al., 2006). The anomalously coarse 
crystallinity of the host rock, and of the segregations, suggest that one or more processes could have 
allowed the Swinburn magmas to retain an unusually high volatile inventory, which controlled both the 
overall coarsely crystalline texture of the basalt and the development of segregation structures.  
Mineral zonation is almost negligible in the coarse crystals of the host rock and is rarely detectable even 
in the most external crystal rims. The lack of significant zonation indicates that these minerals formed 
under moderately stable T-P conditions. Swinburn crystals lack textural or geochemical features that 
indicate significant degrees of disequilibrium (e.g. Duda and Schmincke, 1985; Bedard et al., 1988; Re 
et al., 2017). Disequilibrium features such as sieve textures or other mineral resorption indicators are 
lacking. Cooling and decompression rates are proportional to magma ascent velocity, and for Swinburn 
higher ascent velocities are inferred to have led to higher decompression and cooling rates that increased 
incompatible-element abundances. As a general model, these geochemical variations form in response 
to crystal growth where there is a boundary layer of melt enriched in incompatible elements that 
develops at the crystal/melt interface (Lofgren et al., 2006). The lack of any anomalous REE enrichment 
in rims compared to cores of each analysed crystal rules out the idea of a complex petrogenetic history 
for Swinburn magma. 
At the surface, even when the magma temperature drops below the liquidus, experiments have shown 
that crystals do not form immediately (Philpotts and Ague, 2009). Crystallization begins after a 
significant degree of undercooling (Philpotts and Ague, 2009). The formation of the first small crystals 
(nuclei), passing the equilibrium condition, is influenced by the involved kinetic energies (Philpotts and 
Ague, 2009). Furthermore, magmas can reach the surface, or shallow subsurface, with concentrations 
of volatiles similar to what they had at depth (e.g. Proussevitch and Sahagian 1996).  
It could be inferred that Swinburn crystals started to form at or near the surface inside a volatile rich, 
liquid basalt which had previously experienced a rapid ascent. All its degassing took place at or near the 
surface, under constant atmospheric pressure.  
‘‘Once formed, a nucleus provides a sink to which the crystallizing components diffuse. The distance 
over which diffusion transports material depends on the rates of diffusion and the time available’’ 
(Philpotts and Ague, 2009). 
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Dissolved volatiles such as water exercise a strong chemical control on magma, suppressing nucleation 
and enhancing crystal growth rates (Higgins et al., 2006). Experimental works have demonstrated how 
dissolved water can reduce the viscosity of a melt (Dingwell et al., 1996). Magma can be depolymerized 
to the extent that the ratio between growth and nucleation rate changes (London, 1987; Swanson and 
Fenn 1992, Whittington et al 2000).  
The number of nuclei depends on the ease of nucleation and the time available for material to diffuse 
and grow onto these nuclei (Philpotts and Ague, 2009). Once a stable nucleus has formed, it continues 
to grow and develop a crystal whose size is determined by the concentration of nutrients in the 
surroundings and the proximity of the other nuclei (Philpotts and Ague, 2009). When the crystal is 
growing, the region next to the contact with the face becomes depleted in nutrients and a steep 
concentration gradient develops. Subsequently, the gradient becomes shallower, the flux of nutrients 
brought to the crystal face decreases and the crystal grows more slowly (diffusion controlled growth) 
(Philpotts and Ague, 2009).  
In this interpretation there is a high concentration of dissolved volatiles in Swinburn lava, allowing 
nutrients for crystal growth to diffuse for centimetres to decimetres to sites of growing large crystals 
(Philpotts and Ague, 2009).  
Crystal size in igneous rocks reflects the balance between nucleation and crystal growth (e.g. Marsh, 
1998; Swanson, 1977; Cashman and Marsh, 1988). Swanson 1977 demonstrated experimentally how a 
very long period of time is not always necessary to produce coarsely crystalline assemblages (such as 
the doleritic one) that are typically associated with plutonic rocks. Under the right conditions, growth 
rates can be faster than nucleation rates, allowing the final crystal size to be large. The Ostwald ripening 
mechanism (or coarsening process) is often invoked to explain coarse texture (Ostwald, 1901; Joesten, 
1991; Higgins, 1998; Lifshitz and Slyozov, 1961; Hunter 1996). This is a mechanism of textural 
equilibration in which, for crystals, the driving force is the decrease of the total interfacial energy of the 
system by dissolution of the smaller crystals and growth of larger ones (Ostwald, 1901; Joesten, 1991; 
Higgins, 1998). It produces an increase of the mean crystal size and a decrease in the number of crystals 
in the system. Such ripening has also been used to explain the textural development of some lava lakes 
(e.g. Cashman and Marsh, 1988). There is for Swinburn, however, no evidence that small grains have 
been resorbed, nor has inverse zonation been identified in Swinburn crystals, implying that Ostwald 
ripening did not contribute significantly to the final texture of the Swinburn body. 
Effusive emplacement excludes a slow cooling rate, whereas the ubiquitous holocrystalline ophitic 
texture of the main Swinburn body is best interpreted as indicating that the cooling rate was not too high, 
and that chemical equilibrium was approached in the interior of the body.  
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8.5.4 Origin – Segregation domains 
As Swinburn main host crystallisation began, domains of segregated melt started to form. They consisted 
of liquid most probably characterized by a composition close to plagioclase plus a minimal mafic 
component. Residual melt may have started to form just above the vesicular lava (lower crystallization 
front), as also seen in other partially crystallized flows with segregation structures (Puffer and Horter 
1993; Goff ,1996; Hartley and Thordarson, 2009). This liquid was expelled from the bottom part of the 
basalt when it was about one-third crystallised, migrated through the crystal mush, and reached the upper 
crystallization front where it accumulated.  Similar overall chemical compositions of the host rock and 
segregations within it indicate that the latter were created before crystallization exceeded ~30% (Costa 
et al., 2006; Puffer and Horter, 1993; Caroff, 2000; Philpotts et al., 1996). Philpotts et al., 1996 have 
shown that the strength of the crystal network increases dramatically at between 33 and 37% of 
crystallisation. They suggest that initial segregated melt is extracted after no more than 35% 
crystallisation of the host basalt. The bottom of the Swinburn main body (the lowest ~7 meters, above 
the vesicular lava) is full of smaller and bigger domains. Their concentration low in the body could 
indicate that, in this region, the pressure was higher so that, as cooling progressed various segregation 
domains were not able to escape upward and became trapped. The lack of outcrops in the central and 
upper regions of the body do not allow confirmation of whether the domains are everywhere inside the 
body or just limited to the bottom part. It seems very likely, however, that residual melt would have 
been formed just above the vesicular lava (lower crystallization front), as also seen in other partially 
crystallized flows by Puffer and Horter (1993), Goff (1996), Hartley and Thordarson (2009). Both 
buoyancy or/and subsequent compaction of the crystal network could have helped the residual liquid to 
migrate through the crystal mush so that it reached and accumulated at the upper crystallization front. 
(Hartley and Thordarson 2009). 
As a segregated melt ascends, small nuclei from the host lava may be entrained in the buoyant melt 
(Hartley and Thordarson 2009). This active transfer of crystals and volatiles between host lava and 
domains could explain the stronger zonation found inside segregation crystals than in host dolerite ones 
(e.g. Fig. 8.2C). Crystals started to form in the host basalt but when they were entrained into segregation 
domains, they experienced a slightly different geochemical composition as well as a faster growth rate 
(e.g. Hartley and Thordarson 2009). Such domain incorporation can explain the more accentuated 
zonation of some clinopyroxenes forming the segregation structures as well as the reason why border 
crystals have grown inward, from the edge to the core of the domains (Fig. 8.4). Considering the 
disposition of the minerals surrounding the domains, it seems likely that the more mafic phases (oxydes, 
clinopyroxenes and olivines) and anorthitic plagioclases formed preferentially near the edges of the 
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domain and, in the internal parts of the domains, more-evolved (alkali) feldspar crystals were formed 
(Figs. 8.3 and 8.6). 
 
8.5.5 Origin – Segregation veins 
There are vesicles that are empty or partially filled (with glass), vesicle cylinders, and vuggy voids 
forming the dictytaxitic texure described for the majority of other basaltic rocks containing segregation 
structures (e.g. Greenough 1992; Puffer and Horter 1993; Hartley and Thordarson 2009; Caroff et al., 
2000; Helz 1987 and 1989). These are lacking at Swinburn, and both smaller and larger segregation 
domains are totally holocrystalline. Together this evidence suggests that one of the most commonly 
cited segregation processes, the ‘gas effervescence mechanism’ was not involved in formation of 
Swinburn segregations. The textural evidence rules out vapour-pressure gradients capable of propelling 
significant amounts of residual liquid into vesicles (Goff 1996, Anderson et al., 1984; Sanders, 1986).  
The absence of fluid inclusions inside segregation and host minerals has inhibited any possible direct 
measurement of magma water contents. Instead, multiple geothermometers and geohygrometers were 
used to evaluate possible dissolved-water abundance in Swinburn magma. 
First, the density of the erupted magma was calculated (magma density calculation by Lange and 
Carmichael, 1987). A temperature of 1100°C and the pressure of 1bar were assumed based on the 
magma composition (basalt) and for surface emplacement as a lava. Based on the whole rock 
composition, the density of Swinburn host rock is ~2.6 g/cm3 (Table 8.1). 
This density value has been used to calculate the pressure, at different levels, inside the flow. 
Considering a density of ~2.6 g/cm3, the hydrostatic pressure increases ~2.5 bars (or ~0.25 MPa) every 
10 m. Depending on the positions with respect to the bottom of the collected samples, different pressures 
were used in order to estimate crystallisation temperatures by using the REE plagioclase-clinopyroxene 
thermometer of Sun et al. (2017) (Table 8.2). 
These temperature values were used for the clinopyroxene-based hygrometer (Perinelli et al. 2016) and 
plagioclase-liquid hygrometer-thermometer (Waters and Lange 2015), to estimate the H2O wt.% of 






CHAPTER 8 – SWINBURN MAIN ROCK-TYPE AND SEGREGATION STRUCTURES  
___________________________________________________________________________ 
131 
Table 8.1. Excel spreadsheet used to find the density of Swinburn host rock. Volume and thermal expansion data from Lange 
and Carmichael (1987), H2O from Lange (1994). Compressibility data from Kress and Carmichael (1991). 
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Table 8.3. Clinopyroxene-based hygrometer (Perinelli et al. 2016), used to obtain the H2O wt.% of Swinburn segregation structures and host rock.  
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These indirect measurements suggest that crystals in segregation structures nucleated at slightly lower 
temperatures (domains at ~931 °C; veins at ~1035 °C) than did those in their host basalt (between ~1052 
°C and ~1100 °C). Higher H2O concentrations have been calculated for crystals forming domains (~2 
wt.%) and veins (~1 wt.%) than for host basalt ones (between 0.3 and 0.7 wt.%). These H2O wt.% results 
for the host basalt agree with previous experimental works and melt inclusion measurements on H2O-
rich basaltic magmas (e.g. Hamilton et al., 1964; Moore, 1970; Anderson, 1975; Thordarson and Self, 
1996). 
The residual melt was buoyant with respect to the host rock. Although segregations contain more FeO 
than the host lava, dissolved volatiles are partitioned into the segregated melt which significantly reduces 
its density (Hartley and Thordarson, 2009).  
Small domains of residual liquid grew until they were large enough for the their buoyancy and/or 
compaction of the enclosing host crystal network allowed them to rise vertically through the interior of 
the stagnant lava. During their upward motion, they expanded and assumed cylindrical shapes (Hartley 
and Thordarson, 2009; Philpotts et al., 1996).  
Compaction of the lower part of the body causes dilatation of the upper body (e.g. Philpotts, 2009; Helz, 
1980; 1987; LaFrance et al. 1996, 1998). Once the bigger upward-migrating domains reached the more 
rigid layer of the upper crystallization front, they accumulated and/or filled dilatation tears previously 
formed in the upper part of the body. 
The coarseness of crystallinity reflects the number of nuclei in the magma, which is in part a function 
of cooling rate (Puffer and Hurter, 1993; Higgins et al., 2006; Philpotts and Ague, 2009). A slightly 
lower cooling rate, near the central part of the Swinburn body, is deduced as the reason why segregation 
veins with smaller crystal sizes are located near the centre of the body. Crystal sizes are larger in veins 
from the middle part rather than those closer to the top or bottom (Fig. 8.22).  
 
Fig. 8.22. Photomicrographs of two segregation veins collected near the top and near the centre of the Swinburn body, 
respectively. The left photo shows F11 sample which was collected near Swinburn Peak, at ~705m above sea level (a.b.l.) 
(45°10'33.33"S; 170°20'40.60"E). The right photo displays J20 sample, from the inferred central part (furthest from base) of 
the thick body, at ~535m (a.b.l.) (45°10'2.02"S; 170°18'57.93"E). Both images using crossed polars. 
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8.5.6 Compaction process in Swinburn main body 
Whether emplaced as a lava or an intrusive sill, the Swinburn body could have experienced compaction 
processes (e.g. Philpotts et al., 1996). An important observation is that the Main rocks present a very 
small amount of vesicles. The exposed part of Swinburn body appears to have almost completely purged 
itself of gas bubbles before it cooled to solidification -- there are only a few late-formed vesicles, 
generally filled by secondary minerals. Bent and broken crystals in the Swinburn host rock, as well as 
segregation structures (Fig. 8.23) provide evidence that, during the crystallisation, the mush experienced 
a progressive compaction (Philpotts et al. 1996; LaFrance et al. 1996, 1998). During crystallisation, 
magmastatic pressure (or semi-lithostatic if emplaced as a sill) closed the majority of initially formed 
gas bubbles or cavities (outgassing) at the bottom and central regions of the body, squeezing part of the 
rising residual liquid into upper parts of the body (Philpotts et al. 1996). Compaction together with the 
buoyant rise of volatile-rich residual melt, were the main mechanisms driving the upward movement of 
Swinburn segregation domains as well as the related formation of veins. 
 
Fig. 8.23. Photomicrographs of host rock (A, B) and segregation vein (C) where bent and broken crystals are underlined (45° 
8'44.85"S; 170°20'14.13"E). Cpx: Clinopyroxene. Plg: Plagioclase. Both photomicrographs were taken in crossed polars.  
 
8.5.7 Model for formation of segregation structures in the Swinburn main body 
As discussed above, pegmatitic segregation structures similar to Swinburn ones have been previously 
identified in both effusive and intrusive basaltic rocks (Greenough 1992; Puffer and Horter 1993; Goff, 
1996; Philpotts 1996; Hartley and Thordarson 2009; Helz 1987 and 1989; Ragland and Arthur, 1985; 
Steiner et al. 1992; Walker, 1953; Carman 1994; Larsen and Brooks 1994; Marsh, 2002). In contrast to 
the majority of these studied cases, Swinburn volcanic body presents in combination two distinctive 
features:  
➢ Segregation products are alkali basalts with a slightly more evolved composition than their host 
rock. 
➢ Swinburn rocks appear to have purged themselves of gas bubbles, so that neither host rock nor 
segregations exhibit diktytaxitic texture, which is typical of most rocks that host segregations (e.g. Goff, 
1996; Puffer and Horter, 1993).  
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A model based on including all acquired field, textural and geochemical characteristics has been 
developed. Based on its position overlying surface-deposited pyroclastic deposits, a possible effusive 
origin for the Swinburn main host rock is evaluated first. Next, an intrusive scenario is developed. 
The variable thickness and the field evidence of local thickening indicate that the paleo-surface played 
an important role in controlling thickness of the Swinburn body, consistent with emplacement as a lava 
flow. The verticality of bigger cylindrical domains proves that the basalt was stagnant when the domains 
started to form and move upward (Goff, 1996). Lava flows and/or lava lakes with a thickness of ~100 
m can take many years to solidify (e.g. Puffer and Horter 1993; Philpotts et al. 1996; Helz 1987, 1989). 
The Swinburn body has a variable thickness, inferred from topographic extent to reach a maximum of 
~90 m in the southeast part of the plateau (Fig. 7.11, in sub-chapter 7.4). Despite the variable thickness, 
segregation structures were identified in all parts of the Complex covered by the main rock-type. Their 
distribution suggests that the variation in thickness did not significantly affect the processes driving 
formation of the segregation structures.  
The model developed for formation of Swinburn segregation structures consists of 6 phases, as follow: 
Phase I 
The initial phase is emplacement of the flow. The Swinburn-flow magma reached the surface with a 
similar amount of volatiles as it had at depth (H2O ~0.7 wt.%). Once at the surface, it began to degas 
and simultaneously outgas, with volatiles escaping through the columnar joints (Fig. 8.24-I). Lower and 
upper crystallisation fronts started to form and expand upward and downward toward the flow interior 
(Fig. 8.24-I). The first phases to crystallise were Fe-Ti oxides plus plagioclase and olivine crystals (Fig. 
8.24-I). 
Phase II 
As host crystallisation began and went on, inhomogeneities inside the flow such as volatile-rich 
segregation domains (H2O ~2 wt.%) formed near the base of the flow (Fig. 8.24-II). The bottom of the 
body was the region with the major concentration of smaller and bigger segregation domains (e.g. 
Manga and Stone. 1994; Goff, 1996; Puffin and Horter, 1993). In this second stage, clinopyroxene 
crystals also began to crystallise (Fig. 8.24-II). The flow continued to degas and outgas, but the ongoing 
high crystal growth rates, together with formation of large anhydrous crystals, maintained a 
medium/high concentration of water (between 0.4 and 0.7 wt.%) in the hosting lava (Fig. 8.24-II). 
Phase III 
After ~30% of crystallisation, an interconnected crystal mush was formed (Philpotts et al., 1996). Lower 
and central regions of the flow consisted of a soft crystal framework (or mush) that was at least two-
thirds liquid (Fig. 8.24-III). Its high porosity supported the buoyancy of the residual liquid through the 
mush (Philpotts et al., 1996). The more abundant plagioclase, with its lath shaped crystals, probably 
played a dominant role in forming the hosting framework and the segregation structures. This is also 
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evidenced by the plagioclase-rich domains. As cooling and crystallisation continued, the framework 
would have developed more strength and by the time the segregation sheets formed, the mush was 
capable of being fractured in a plastic manner in its upper part (Fig. 8.24-III).  
Compaction and dilatation took place in the lower and upper parts of the flow, respectively (Fig. 8.24-
III) (e.g. Philpotts et al. 1996; LaFrance et al. 1996, 1998).  
First, magmastatic pressure closed the majority of the cavities located at the bottom region of the flow, 
squeezing part of the buoyant residual liquid into the flow's upper parts (Fig. 8.24-III). Not all the 
domains were able to escape upward, and those that did not solidified in the lower region. Such 
‘entrapment’ explains the high concentrations of small and bigger domains identified in the lower part 
of the Swinburn body (as described in subchapter 8.5.4). Operation of the compaction mechanism is 
directly evidenced by some bent and broken crystals (Fig. 8.23), but most importantly explains the 
absence of either vesicles or diktytaxitic texture. Second, the squeezed residual liquid filled tears opened 
in the semi-rigid upper crystal mush by dilatation (Fig. 8.24-III). Dilatation tears have been documented 
both in lava lakes (e.g. Kilauea Iki lava lake by Helz, 1980; 1987) and intrusions (e.g. Marsh, 1990, 
1991, 2002).  
Bifurcations detected in the Swinburn lensoid segregations (Fig. 8.2A) are similar to those found by 
Philpotts et al., (1996) at Holyoke basalt flow, in Connecticut. They support the idea of a semi-
rigid/plastic behaviour of the lava at the time of the formation of segregation veins. 
During this third phase, the central coarser segregation veins with H2O ~1 wt.% (e.g. J20 sample in Fig. 
8.22), were created.  
Phases IV - V and VI 
The last three phases are strongly characterized by further compaction and dilatation (Fig. 8.24-IV, V, 
VI). The upper buoyant residual liquid was progressively squeezed from the central and upper regions 
into the upper crystallisation front of the body (Fig. 8.24-IV and Fig. 8.24-V, respectively), expanding 
the old segregations and/or forming new ones (H2O ~1 wt.%). Upper segregation veins with a slightly 
finer grain size (e.g. F11 in Fig. 8.22) represent these upper veins.  
Once the volcanic activity was finished, the upper part of the flow where the vesicular crystallisation 
front solidified was eroded, so today only internal, and in places basal, parts of the flow are seen in the 
field (Fig. 8.24-VI). The lack of a diktytaxitic texture in exposed regions of the body is taken as proof 
that extensive outgassing occurred and that it was the result of progressive compaction.  




Fig. 8.24. Illustrative sketch showing the model which describes the six phases of the formation of the segregation 
structures in Swinburn main body.  
I: Early superficial emplacement of the degassing flow. Formation of lower as well as upper crystallisation fronts 
and inward expansion. Beginning of plagioclase and olivine crystals crystallisation.  
II: Crystallisation near ~ 30%. Formation of inhomogeneities (segregation domains) at the lower crystallisation 
front of the body. The clinopyroxenes start to form. 
III: After ~ 30% of crystallisation. Presence of an interconnected crystal mush with associated development of 
compaction and dilatation mechanisms. They affect the lower and upper parts of the flow, respectively. The 
residual liquid is squeezed from the bottom to the central part (lower compaction) of the body. The compaction 
creates dilatation tears in the upper front. The residual liquid starts to accumulate and/or fill such tears with the 
formation of segregation veins. Bifurcations, connecting near veins are also given by the semi-rigid/plastic 
behaviour of the upper crystallisation front basalt.  
IV and V: Advancement of the crystallisation fronts with progressive central and late upper compactions. More 
residual liquid is squeezed upward, expanding the previous veins and/or creating new ones.  
VI: Swinburn main body completely crystallised, as seen today in the field. Note the lack of the upper vesicular 
top because of the erosion. The central and bottom parts of the body are the only ones showed in outcrop. The 
compaction, occurred in these parts of the body, supported the outgassing which completely removed the 
diktytaxitic texture. 
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The information lost to erosion results in an important uncertainty about whether the Swinburn body 
was emplaced as a lava or a sill.  
Whether the body was emplaced as a lava or a sill has a limited effect on the presented model for 
formation of segregation structures. The main difference if the Swinburn basalt did not reach the surface 
and was emplaced as a sill is that it helps explain why more degassing did not take place, so that 
significant volatiles were retained in the basalt. The slower cooling rate that would be experienced by 
an intrusion well below the surface, where temperatures and pressures did not change quickly, would 
help explain the coarsely crystalline nature of the Swinburn body, and also the vesicle-free pegmatitic 
segregations. Calculations using hygrometers suggest that water was present in the Swinburn main 
magma and that it played an important role in allowing formation of such coarsely crystalline rocks. 
Mechanisms such as the compaction and dilatation have been already reported from sills worldwide 
(e.g. Carman, 1994; Philpotts et al., 1996; Marsh, 2002). Hence, all the described phases of the model 
can be also invoked to explain, even more easily, the formation of segregation structures in a Swinburn 
body emplaced as an intrusion. Only the edifice, or strata, into which the intrusion was emplaced is 
missing. 
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CHAPTER 9 – SUMMARY AND CONCLUSIONS 
 
In this chapter all main results of the chapters 4, 6, 7 and 8 are summarised and related conclusions are 
presented. These interpretations integrate this information and offer plausible explanations of 
important features of the Swinburn Volcanic Complex. 
 
9.1 Mantle sources forming DVG magmas  
The new geochemical and isotopic data in chapter 4 show that the Swinburn Volcanic Complex is an 
important local heterogeneity inside the compositionally uniform magmatism of the Dunedin Volcanic 
Group. Swinburn body rock-types are particularly impoverished in incompatible trace elements 
compared with the adjacent peridotite-bearing basanites from other Dunedin Volcanic Group sites. 
Major and trace element patterns suggest that crystal fractionation did not play a significant role in the 
origin of either the less-alkaline Swinburn basalts or the more-alkaline peridotite-bearing basanites. 
Crystal fractionation and lithospheric contamination are ruled out because there is no increase in trace 
element abundances, or of ratios between highly incompatible elements sensitive to crustal input, (e.g. 
Nb/Th versus Nb/U Fig. 4.16), which suggested negligible degrees of contamination (less than < 1%). 
Swinburn rocks presents a significant ‘Cretaceous-like’ (high 207Pb/204Pb) isotopic imprint which is 
different from any other Cenozoic basaltic rock (mostly basanites) so far described from the Otago 
region. Swinburn basalts are Cenozoic, and they formed far away from the Cretaceous subduction 
margin or from the Hikurangi Plateau, where high 207Pb/204Pb is common (van der Meer et al., 2017). 
Due to the strong similarities in trace element abundances and isotopes among Swinburn and Cretaceous 
rocks, an old, but localised, interaction between lithospheric mantle and Cretaceous melts, has been 
inferred. The increase in Delta 7/4 with increasing SiO2 (Fig. 4.22) confirmed this possible old 
Cretaceous imprint, with Swinburn basalts showing a stronger increment (as in Lookout Volcanics) than 
the dyke, Rangefront Lavas and 16 other DVG rocks. After originating in the asthenosphere, melts have 
strongly metasomatized the upper lithosphere. New fertile lithologies were created by the interaction 
between lithospheric mantle and metasomatic melts. Percolation processes are addressed to explain the 
common as well as the localized different geochemical and isotopic features, found in DVG magmas. 
Experimental works together with data on geotherms and our new results support the metasomatized 
lithosphere model as an explanation for the origin of the majority of DVG magmas (Fig. 4.24). Beneath 
Swinburn Volcanic Complex, there was a local anomaly, such that the interaction of hot percolating 
fluids with an already metasomatized lithosphere produced magmas with the unique geochemistry of 
Swinburn rocks.  
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9.2 Reconstructed eruptive history of Swinburn Volcanic Complex  
New field observations and geochemical results presented and discussed in chapter 6 indicate that 
multiple magma batches were erupted, with vesicular lavas emplaced by multiple flows. One zone of 
vesicular lava at one site has a sharp, direct contact with overlying dolerite, but it is geochemically 
distinct from the overlying dolerite. Different major-element trends (Fig. 6.1) together with distinctive 
LREE/MREE and MREE/HREE slopes (Fig. 6.12; 6.13) provide strong evidence that at least two 
distinct batches of magma formed the Swinburn main body and the vesicular underlying lavas. 
Petrographic and geochemical differences among vesicular samples have also revealed that more than 
one batch of magma was involved in the formation of vesicular rocks. The G7 vesicular sample is 
anomalously rich in trace elements with unusual troughs in K, Sr and Ti. Its petrographic and 
geochemical features are different from those of all the other vesicular flows which, in contrast, show 
very similar characteristics (Figs. 6.5, 6.11, 6.12 and 6.13). 
Pyroclastic eruptions or phases of eruption preceded and followed emplacement both of vesicular lavas, 
and of the Swinburn body. The Swinburn Volcanic Complex includes widespread early 
phreatomagmatic and magmatic pyroclastic deposits (LD), which lie stratigraphically below both the 
vesicular lavas and the Swinburn body. Later phreatomagmatic eruptions formed the younger (UD) 
units. These crosscut the previous stratigraphy and locally lie on top of it. Pieces of schist, remelted 
schist and other sedimentary fragments inside the younger pyroclastic products show that the last 
explosive activity ripped off pieces of rock from both older sedimentary and older volcanic strata. 
Different magmas fed older versus younger pyroclastic eruptions, as confirmed by geochemistry. Their 
different concentrations of major and trace elements (Fig. 6.11, 6.14, 6.15) support the interpretation of 
two separate batches of magmas forming older and younger pyroclastic units. 
By combining field evidence with new geochemical data, it was possible to distinguish the different 
activities that took place in the complex. The geochemical correlation of one basal pyroclastic rock with 
a vesicular lava collected from the same outcrop (E3 point, Fig. 6.17), indicate that older pyroclastic 
rocks and the majority of Swinburn's vesicular lavas (which have similar patterns with E3 rocks), formed 
during early activity of the complex. In contrast, another geochemical correlation identified among 
younger pyroclastic products and G7 western lava (Figs. 6.12 and 6.13) supports the idea that they 
represent the last activity that occurred in the complex. The Swinburn main body is interposed between 
the older and younger products, and so presents distinctive petrographic and geochemical features, I 
infer that the Swinburn body was emplaced during the two effusive eruptions. The three deduced 
Swinburn Volcanic Complex activities are summarised in chapter 6.3.2. 
9.3 Subsurface and magnetic features of Swinburn Volcanic Complex 
The geophysical survey and coupled paleomagnetic work (chapter 7) have revealed buried features of 
the Swinburn Volcanic Complex. The different magnetic responses of Swinburn rocks have been 
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analysed. An Earth's magnetic was reversed during Swinburn Complex's activity (at 15.6 ± 0.6 Ma, 
McDougall and Coombs, 1973), explaining the anomalous magnetic signals of Swinburn basalts. Their 
magnetic response results in total magnetic values are lower when directly measured above the basalts 
and higher when directly measured above the country rocks. Paleomagnetic investigation shows that 
both Quarry and Main rocks have a positive magnetic inclination (opposite to the current negative one) 
(Fig. 7.9). It confirms that, during cooling, Swinburn crystals recorded what was a reversed polarity of 
the magnetic field at that time.  
In the Swinburn Volcanic Complex, the magnetic signal is strongly influenced by the thickness of the 
volcanic rocks with respect to the country ones (sedimentary and metamorphic). Where the volcanic 
rocks (lower signal) are thin, the magnetic response is dominated by the underlying country rocks 
(higher signal), with the result that the total magnetic response increases (>5900nT). In contrast, where 
the volcanic rocks are thick, the magnetic increment associated with the country rocks is negligible. At 
these sites, the final magnetic response is more affected by the lower signal. Hence, the total signal is 
given by the reversed signature of the volcanic body (<58800nT), 
Correlations between magnetic profiles and cross sections (Figs. 7.6 and 7.7) reveal that: 
a) where the volcanic rocks (reversed signal) are thin, the magnetic response was also affected by 
the underlying country rocks (higher signal), with the result that the total magnetic response increased 
(>5900nT). In this case, depending on the influence of the country rocks, the final response was closer 
to the red colours, shown in the 3D map (Fig. 7.4 and scale 1).  
b) where the volcanic rocks are thick, the magnetic increment associated with the country rocks 
was negligible. In this case, the final magnetic response was more affected by the reversed signal of the 
volcanic body (<58800nT), so blue/violet colours are shown in the 3D map (Fig. 7.4 and scale 1). 
c) like the Swinburn rock-types, the pyroclastic rocks have a reversed (but low-intensity) magnetic 
signal. Their magnetic response was confirmed by the negative peak directly related to an exposed 
pyroclastic outcrop (see black dashed line in Fig. 7.7).  
d) there are areas where the Quarry and Main rocks overlap each other. The small trough (grey 
dashed line, Fig. 7.6) was inferred as a possible signal of overlap between the two rock types. 
Furthermore, another overlapping of Quarry and Main rocks was proposed to explain the uncommonly 
small magnetic anomalies of Zone I in Fig 7.4. Unlike the overlap deduced from Fig. 7.6 (where the 
thickness of the Main rocks was important), in Zone I Main rocks are not thick enough to decrease the 
total magnetic signal. The acquired magnetic trend thus increases at that point because it is mostly given 
by quarry and country rocks. These rocks have a less-magnetic mineralogy (fewer oxides) and, since the 
magnetic signature is of reversed polarity, weakly magnetised rocks contribute to a higher integrated 
magnetic signal (grey dashed line in Fig. 7.7).  
More-recent paleomagnetic work has confirmed strong differences in the amount of Fe-Ti oxides in 
Quarry and Main rock-types (Tables 7.2, 7.3 and Figs. 7.10 and 7.11). These data converged toward the 
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assessment that the different amount of Ti-magnetite changes the level of magnetisation of these rocks. 
They were also consistent with the difference in mineralogy identified during observations under 
microscope and subsequent SEM-EDS analysis. Since the lower amount of magnetic minerals, Quarry 
rocks are not able to decrease the magnetic final signal significantly as Main rocks do. This is the reason 
for the generally intermediate-to-high signal (between 58800 and 59300nT), measured from the western 
area of the body where the Quarry rock-type is dominant (Fig. 7.4).  
Unfortunately, though a clear negative peak was detected in the northern area (Fig. 7.36), our magnetic 
data do not clearly indicate the real extension of the fault in the central and south areas of the complex. 
The complexity of geological contacts together with some erosion of the east side of the complex, 
indicates a possible upward tectonic displacement affecting the western area. I was not able to establish 
whether the topographic limits, between the Hangingwall and Footwall (Fig. 7.12) reasonable represent 
the central and southern extension of the reverse fault. 
On the Swinburn Plateau there are very few outcrops, so the field evidence was integrated with the new 
magnetic results in order to obtain qualitative and quantitative information of the variation of the 
thickness of Swinburn volcanic body. Magnetic data and field evidence suggest a strongly 
inhomogeneous thickness. However, since the presence of different country formations underlying the 
volcanic rocks, it was not possible to have continuous precise quantitative data about the variations of 
the thickness of the body. It resulted thinner in the north area and thicker going to the south (Figs. 7.6 
and 7.7). The maximum exposed thicknesses are 70 m for Quarry rocks and 90 m for Main rocks (Fig. 
7.12). Unfortunately, these outcrops do not show the bottom contact between volcanic and country 
rocks, hence the exact thickness of the body, even at a single site, remains uncertain. 
 
9.4 Segregation mechanisms and possible nature of Swinburn main body 
As discussed in chapter 8, and unlike most previous studied cases, Swinburn volcanic body presents two 
combined distinctive features:  
➢ Segregation products are alkali basalts with a composition only slightly more evolved than their host 
rock. 
➢ Swinburn rocks appear to have purged themselves of gas bubbles during their cooling history. Neither 
host rock nor segregations have a diktytaxitic texture, even though that texture is typical of rocks bearing 
segregations. 
Indirect indications of dissolved-water content, acquired using geohygrometers and geothermometers, 
have revealed high amounts of water for both the Swinburn main host rock (between ~0.4 and ~0.7 
wt.%) and, especially, for segregation veins and domains (~1 wt.% and ~2wt.%). Compaction, together 
with the buoyant rise of volatile-rich residual melt, are inferred to have been the main mechanisms 
driving the upward movement of Swinburn segregation domains, and also of the related veins. A model 
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combining similar characteristics already identified worldwide with the distinctive features detected at 
Swinburn, is presented in Fig. 8.24. Accepting that it remains unclear whether the Swinburn body was 
emplaced as a lava (overlies lapilli tuff) or an intrusion (has coarsely crystalline, doleritic texture), 
emplacement as a lava is first evaluated. After that, there was evaluation of a potential intrusive origin. 
I found that unambiguously determining whether the Swinburn body rocks were emplaced effusively or 
by intrusive emplacement to of different Swinburn body rock-types is one of the most difficult problems 
that this project has tried to solve.  
 
The significant field, petrographic and geochemical results about Swinburn body are summarised as 
follows: 
• There is homogeneous doleritic texture in all parts of the body, and little or no variation, 
vesicles, or glass.  
Main and quarry rock-types forming the Swinburn body, show no recognized gradation or change in 
groundmass texture from the innermost to outermost portions of it. A homogeneous (always 
holocrystalline) ophitic texture is shown everywhere.  
• There are geochemical differences in major and trace elements among inner/above base, 
and outer/basal crystals.  
Both whole-of-unit-scale and vertical section investigations of texture and cooling have revealed 
significant geochemical differences in major and trace elements of innermost (away from contact) vs. 
outermost (e.g. basal contact) parts of zoned clinopyroxene and plagioclase crystals (Figs. from 8.15 to 
8.21). On the one hand, mineral compositions of minerals from the tabular body's interior are different 
from the composition of crystals from parts of the body closer to its basal and top contacts. Crystals 
inferred to have crystallised at the same points in the body display strong similarities with one another. 
• Geochemical differences between the Swinburn body and underlying vesicular lavas 
In the absence of dates for the vesicular lavas, the different trends and comparisons among the body 
rocks and the vesicular lavas, are a key point to understand the history of the complex. Despite the sharp 
direct contact exposed in outcrop (Fig. 5.2), geochemical evidence indicates that vesicular lavas do not 
represent the bottom of the dolerite. Hence, they could represent an earlier stage of the Swinburn activity 
and edifice-building. 
Erosion has removed a large amount of information (~100 m of rocks probably removed), so it is not 
possible to be sure about the actual nature of the Swinburn main body. However, acquired results 
strongly suggest that intrusive emplacement is more probable. I infer that Main and Quarry rocks were 
involved in a stable cooling environment where temperatures and pressure did not drop drastically. 
There, the homogeneous coarsely ophitic texture (dolerite), as well as the above-cited geochemical 
variations, had stable surrounding conditions to form.  
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The vertical shape of larger, cylindrical, domains proves that the basalt was stagnant for a long time. 
Such stagnation of the magma could also explain why, unlike other Waipiata vents, the exposed 
Swinburn basalts are characterised by a negligible amount of mantle-derived lherzolite nodules. An 
intrusive stable environment could have promoted the settling of mantle xenoliths, which especially 
accumulated at the bottom of the body during its cooling.  
I conclude that an intrusive origin is the best explanation for the Swinburn body. Field evidence 
combined with the inferred erosion rate of the area, indicate that thickness of overburden rocks was not 
very large. Hence, I propose that the dolerite intruded into a volcanic edifice which was 200-300m high. 
The geometry of double-circle shown by Swinburn body (Fig. 7.12) suggest that it intruded under a pair 
of relatively small scoria cones which provided the right stress field. Vesicular lavas represented the 
hardest layer among all the other overburden rocks so Main and Quarry rock-types preferentially 
intruded directly above them. During the last 16 Ma, the Otago region was characterized by important 
drainage as well as strong faulting and folding systems (e.g. Lindqvist and Craw, 1992; Youngson and 
Craw, 1995). In this dynamic environment a migrating alluvial system could have stripped off loose, or 
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9.5 Final reconstruction  
In the following figures 9.1 and 9.2 -I – II – III – IV – V – VI are shown the stratigraphy and the most 
important events forming the Swinburn Volcanic Complex, respectively. 
 
Fig. 9.1. Stratigraphy of the Swinburn Volcanic Complex area. 
 
Fig. 9.2. (in the next page). Sequence of the six most relevant events (I – II – III – IV – V– VI) forming the 
Swinburn Volcanic Complex. 
 
I. - First volcanic activity: the earliest volcanic event was eruption and deposition of lapilli tuffs (LD unit) which 
preceded emplacement of the majority of vesicular flows (A6, C8, C2, E3).  
II. Continuation of Dunstan deposition: After the first volcanic activity, Miocene fluvio-lacustrine deposits of the 
Dunstan Formation, continued to be deposited and covered the previously erupted vesicular lavas.  
III. - Second volcanic activity (emplacement of the Main rock-type): The second volcanic event involved limited 
effusive eruptions. During these phases a large volume of magma (Main rock-type) was unable to reach the surface 
and was instead intruded at shallow depths into edifice-building volcanic deposits, intruding along the boundary 
between vesicular lavas and the originally overlying rock (now eroded), beneath a pair of 200-300 m high scoria 
cones.  
IV. Second volcanic activity (emplacement of the Quarry rock-type): After the emplacement and the cooling of 
the first intrusive body, a second intrusion occurred. The new batch of magma (Quarry rock-type) cut the vesicular 
lavas as well as the cooled Main rock-type. It intruded between the previous intrusion and the originally overlying 
volcanic deposits (now eroded), always beneath a pair of 200-300 m high scoria cones. The sum of these two 
intrusions formed the Swinburn dolerite body. 
V. - Third and final volcanic activity: The third volcanic event involved new explosive eruptions that affected 
different parts of the complex. Several maar-diatremes were formed. Such phreatomagmatic eruptions produced 
structures that cut into, and explosions that ripped off, both country rock and older volcanic rocks. During this 
last stage were emplaced the pyroclastic UD units (B13, C10, B14, C10, C13, D12, D13 and Z9) and G7 western 
flow. 
VI. – After the volcanism: Since 16 Ma the original volcanic products of the Swinburn Volcanic Complex were 
almost certainly eroded to low relief, buried beneath the Maniototo Conglomerate, and then exhumed. In post-
Maniototo Conglomerate time the area has hosted significant drainage, faulting and folding systems, which acted 
together to yield the present geological complex. 










Fig. 9.3. Summary map of Swinburn volcanic area; more-formal and informative names, suitable for 
publication, are added. (Swinburn Dolerite for Main rocks; Longlands Dolerite for Quarry rocks). 

















Fig. 9.4. All cross sections cutting different areas of the Swinburn Volcanic Complex.  
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9.6. Wider implications 
This study demonstrates that a single volcanic complex can represent an important local heterogeneity 
inside a volcanic field dominated by apparently simple, monogenetic, centres. Swinburn Volcanic 
Complex is a powerful example showing how, even within a restricted area of volcanism, repeated 
tapping of heterogeneous lithospheric mantle can result in complicated compositional and textural 
relationships at the surface. It had a more-complex eruptive history, a distinctly different mantle source, 
and different crystallisation and segregation mechanisms than did other volcanoes of the Waipiata 
Volcanic Field.  
The percolation model for extraction of melt from a mantle source (Pilet et al., 2011; 2015) is applied 
here to explain the range of geochemical characteristics seen for Swinburn Volcanic Complex, may be 
widely applicable for New Zealand intraplate magmatism. It can explain the reasons why other volcanic 
products, much more recent than the Cretaceous and far away from the Hikurangi Plateau (e.g. Cookson 
Volcanics 28 Ma (Timm et al., (2010) and Antipodes Islands < 0.5 Ma (Panter et al., (2006)) present a 
strong Cretaceous-like imprint similar to that one detected in Swinburn Volcanic Complex. For the 
Zealandia continent, the formation of metasomatic cumulates by percolation can produce particular 
isotopic anomalies (e.g. the high 207Pb/ 204Pb) arising from previous events along the Cretaceous 
subduction margin and Cenozoic subduction of the Hikurangi Plateau. Under the Hikurange Plateau an 
old HIMU mantle domain lithosphere was inferred (van der Meer et al., 2017).  
Since percolation can occur in any melt source region, the process is globally significant. It is not limited 
to any single tectonic setting.  
Compare Swinburn compositions to those in the Serbian province (Prelević et al., 2005), where it was 
inferred that ultrapotassic magmas resulted from melting of a heterogeneous mantle containing 
metasomatic phlogopite-rich veins (Prelević et al., 2005). As for Zealandia volcanoes, in the Serbian 
province the geochemistry suggests metasomatic enrichment of the lithosphere was related to much 
older (in that case, Mesozoic) subduction events, which control compositions of the younger magmas 
derived from melting of heterogeneous sources during Tertiary extensional episodes (Prelević et al., 
2005).  
Chapter 6 shows that in eroded volcanic areas like that hosting the Swinburn Volcanic Complex, the 
comparison among major and trace element patterns of different products can be used as key point to 
provide significant evidence that distinct batches of magma were involved in the different activities of 
polygenetic systems. In the absence of extensive outcrop or a suite of radiometric dates, this geochemical 
fingerprinting is important for distinguishing products of different magma batches tapped, and hence 
separate eruptive events, during growth of a volcanic complex. 
The magnetic survey, combined with determination of paleomagnetic properties of rocks in the complex, 
work was able to reveal significant buried features of Swinburn Volcanic Complex. Using measurements 
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of the magnetic signals of all rocks to understand how the sum of these different signals (total magnetic 
signal) could give information on the possible dolerite thickness, was one of the main goals of chapter 
7. This method can be improved doing initial estimation in areas where the thickness of the volcanic 
body is already known. The comparison between the estimated values with the real ones could increase 
the precision of the results. Such a method could be very useful to improve quantitative measurements 
performed on volcanic bodies which present close stratigraphic relations with sedimentary and 
metamorphic rocks.  
Swinburn segregation structures where studied by comparing them with other segregations products 
identified in lava flows, lava lakes and sills globally (e.g. Puffer and Horter 1993; Philpotts et al., 1996; 
Helz 1989; Marsh, 2002). Aspects of multiple models are combined to explain the unique segregation 
products at Swinburn, which are characterised by slightly more-evolved compositions and a lack of 
diktytaxitic texture.  
To understand the overall homogenous texture of the Swinburn body, the cooling history was studied 
considering possible variations in major and trace elements of minerals crystallised near the margins or 
near its middle levels. This method has been used to infer the cooling history of a smaller volcanic body 
in Mt. Etna (Mollo et al., 2011; Scarlato et al., 2011). The new data shown in this thesis confirm that 
even for larger intrusions or lavas, geochemistry can importantly contribute to determining the cooling 
history of a volcanic or hypabyssal body. For Swinburn, the geochemical perspective was crucial for 
understandin the possible nature of volcanic bodies located in volcanic areas where the erosion is 
interpreted to have removed a substantial thickness of originally overlying volcanic deposits. 
 
The major questions about volcanism that this thesis has raised are these: 
 
How were mantle sources that melted at different times (eras) connected to each other? 
How is it possible to recognise separate events that occurred within the same complex, without extensive 
outcrop, good preservation, or extensive radiometric dating? 
How can the previous size and morphology of a strongly eroded volcanic edifice be inferred? 
More research is needed to completely answer these questions. Future research needs to be focussed on: 
a) parameters playing significant roles in producing different local products in a broadly homogeneous 
volcanic area, b) the use of other geophysical methods, such as seismic and gravimetry surveys, to better 
constrain interpretations of buried igneous and paleotopographic features c) the extension of 
geochemical analyses to other, less well-studied, vents of the Dunedin Volcanic Group in order to assess 
the general level of within-centre geochemical variation, complexity of eruption and intrusion at single 
centres, and variations in apparent mantle sources.   
Improving our knowledge of individual volcanic districts will set the path for a future greater 
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Label SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O Total An% Or% Ab%
S 370 plg 1 core 51.74 0 30.66 0.28 0 0 13.18 3.76 0.19 99.8 65.21 1.12 33.67
S 374 plg 2 core 53.2 0 30.25 0.3 0 0 12.29 4.27 0.31 100.63 60.29 1.81 37.90
S 397 plg 3 core 52.38 0 30.81 0.27 0 0 12.91 3.92 0.28 100.56 63.48 1.64 34.88
S 400 plg 4 core 51.1 0 30.75 0.2 0 0 13.18 3.57 0.21 99.01 66.26 1.26 32.48
S 440 plg 5 core 51.75 30.45 12.85 3.68 0.58 99.3 63.61 3.42 32.97
J12 MR rims 55.77 1.70 42.54
S 465 plg 7 rim 56.91 27.51 0.35 9.25 5.9 0.48 100.4 63.97 1.30 34.74
S 371  alk feld rim 64.86 0.16 19.82 0.13 0 0.06 1.19 6.14 7.22 99.58 5.69 41.13 53.17
S 376 plg 2 rim 54.01 0 29.26 0.45 0 0 11.33 4.72 0.29 100.06 56.04 1.71 42.25
S 378 plg 3 rim 52.58 0 30.55 0.31 0 0 12.79 4.1 0.23 100.54 62.44 1.34 36.22
S 389 alk feldrim 64.66 0 21.69 0.47 0 0 2.66 7.84 3.25 100.57 12.84 18.68 68.48
S 441 alk feld rim 49.28 29.33 0.62 7.11 9.93 2.76 99.04 25.07 11.58 63.35
S 451 plg 6 rim 54.41 0.28 28.27 0.8 10.59 5.13 0.36 99.84 52.16 2.11 45.73
E3 MR cores
S 620 plg 1 core 51.25 30.55 0.35 13.2 3.71 0.17 99.24 65.62 1.01 33.37
S 630 plg 3 core 52.2 31.11 0.34 13.15 3.6 0.39 100.79 65.33 2.31 32.36
S 660 plg 5 core 51.73 30.09 0.6 12.65 3.75 0.39 99.2 63.57 2.33 34.10
S 676 plg 7 core 52.2 30.8 0.28 12.87 3.86 0.18 100.19 64.13 1.07 34.80
S 678 plg 8 core 50.62 30.98 0.39 13.3 3.47 0.18 98.95 67.19 1.08 31.72
S 680 alk feld core 52.34 29.62 0.57 0.28 16.18 1.94 100.92 0.88 7.25 91.87
S 683 plg 10 core 50.59 0.21 30.85 0.33 13.53 3.48 0.17 99.15 67.55 1.01 31.44
S 687 plg 11 core 52.02 30.98 0.55 13.25 3.77 0.22 100.79 65.16 1.29 33.55
E3 MR rims
Sm 627 plg 1 rim 51.1 30.51 0.38 13.19 3.67 0.15 99 65.92 0.89 33.19
S 624 plg 3 rim 50.82 30.9 0.44 13.36 3.56 0.18 99.27 66.74 1.07 32.18
S 638 plg 2 rim 50.81 30.95 0.41 13.46 3.56 0.17 99.35 66.95 1.01 32.04
S 640 plg 4 rim 53.9 29.1 0.48 11.29 4.79 0.27 99.83 55.67 1.58 42.74
S 677 plg 7 rim 53.26 29.52 0.61 11.8 4.47 0.21 99.88 58.59 1.24 40.17
S 679 alk feld rim 62.36 23.93 0.26 4.91 7.99 1.19 101.01 23.62 6.82 69.56
E15 MR cores
S 730 plg 1 core 51.09 31.07 0.29 13.49 3.56 0.26 99.76 66.64 1.53 31.83
S 731 plg 2 core 54.87 29.6 0.52 11.54 4.78 0.28 101.59 66.34 0.90 32.76
S 776 plg 3 core 51.22 30.59 0.27 13.19 3.6 0.15 99.02 52.15 1.81 46.04
S 780 plg 4 core 51.99 31.07 0.33 13.49 3.63 0.17 100.68 66.58 1.00 32.42
S 790 plg 5 core 55.47 28.44 0.48 10.64 5.19 0.31 100.53 52.15 1.81 46.04
S 791 plg 5 core 51.06 30.64 0.31 13.22 3.58 98.81 66.93 0.94 32.13
E15 MR rims
S 777 plg 3 rim 52.51 30.24 0.31 12.53 4.03 0.24 99.86 62.31 1.42 36.27
S 781 plg 4 rim 53.23 28.99 0.97 0.76 11.16 4.36 0.28 99.76 57.58 1.72 40.70
S 793 alk feld 64.4 21.28 0.31 2.53 7.92 3.06 99.49 12.34 17.76 69.90
A2 QR cores
S 489 plg 1 core 52.17 30.64 0.34 12.7 3.96 0.24 100.05 59.16 1.72 39.12
S 493 plg 2 core 52.56 29.89 0.62 12.38 4.22 0.22 99.88 61.05 1.29 37.66
S 549 plg 1 core 52.98 30.12 0.51 12.21 4.25 0.22 100.28 60.56 1.30 38.14
S 551 plg 2 core 52.54 30.13 0.38 12.34 4.13 0.24 99.76 61.39 1.42 37.18
S 557 plg 3 core 53.06 28.94 0.48 11.65 4.62 0.26 99.01 57.33 1.52 41.14
S 572 plg 4 core 51.61 30.27 0.48 12.45 4.33 0.16 99.3 60.80 0.93 38.27
A2 QR rims
S 498 plg 3 rim 55.72 27.19 0.65 9.37 5.76 0.39 99.08 46.25 2.29 51.45
S 550 plg 1 rim 54.56 29.05 0.53 11.35 4.89 0.26 100.63 55.34 1.51 43.15
S 552 alk feld rim 65.22 20.36 0.23 1.64 6.31 6.95 100.72 7.69 38.78 53.53
S 558 plg 3 rim 54.16 28.17 0.73 10.71 4.93 0.31 99 53.55 1.85 44.61
S 573 alk feld rim 62.74 0.23 22.97 0.34 3.68 8.59 1.54 100.08 17.48 8.71 73.82
S 576 plg 4 rim 60.1 0.19 24.45 0.4 5.48 8.04 0.73 99.4 26.22 4.16 69.62
Appendix A - Geochemical database of chapter 4
SEM-EDS analysis of Main and Quarry rock-types (MR and QR). Plagioclase major elements:






Label SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O Total Mg# Wo% En% Fs%
S 406 cpx 1 core 49.24 1.7 4.68 7.57 0.17 13.86 21.83 0.48 100.12 77 46.43 41.01 12.57
S 430 cpx 2 core 47.5 3.14 4.91 9.08 0.21 12.08 21.7 0.72 99.35 70 47.60 36.86 15.54
S 432 cpx 3 core 49.58 2.02 4.6 7.98 13.73 22.02 99.92 75 46.50 40.34 13.15
S 456 cpx 4 core 49.2 1.7 4.24 8.23 13.36 21.92 0.46 99.11 74 46.71 39.60 13.69
S 3879 cpx1 core 50.39 2.29 3.32 8.95 12.85 20.86 0.74 99.4 72 45.62 39.10 15.28
S 3880 cpx1 core 51.57 1.84 2.94 9.36 13.11 20.92 0.79 100.53 71 45.02 39.25 15.72
S 3890 cpx2 core 52.32 1.26 1.67 8.48 13.62 20.89 0.69 98.91 74 44.97 40.79 14.25
J12 MR rims
S 407 cpx 1 rim 49.05 1.91 4.78 8.33 0.15 14.12 21.58 0.49 100.63 75 45.22 41.16 13.62
S 431 cpx 2 rim 50.79 1.75 2.54 8.86 13.81 21.87 99.63 74 45.56 40.03 14.41
S 433 cpx 3 rim 49.46 1.9 4.59 7.8 13.68 22.09 0.56 100.3 76 46.79 40.31 12.90
S 457 cpx 4 rim 51.29 4.01 8.25 13.79 21.67 99.01 75 45.82 40.57 13.62
S 3878 cpx1 rim 51.78 1.4 2.68 8.99 12.74 20.95 1 99.54 72 45.85 38.79 15.36
S 3883 cpx2 rim 53.2 0.98 1.84 8.36 13.68 21.43 0.79 100.27 74 45.61 40.50 13.89
E3 MR cores
S 615 cpx 1 core 47.4 1.97 6.58 7.57 12.93 21.77 0.43 99.98 75 47.67 39.39 12.94
S 605 cpx 2 core 48.47 2.04 5.22 7.76 0.41 13.22 21.85 0.44 99.41 75 47.19 39.72 13.08
S 609 cpx 3 core 48.9 1.69 4.92 7.37 13.53 22.07 0.48 99.21 77 47.31 40.35 12.33
S 611 cpx 4 core 48.47 1.75 5.81 7.05 13.24 22.04 0.37 99.72 77 47.95 40.08 11.97
S 613 cpx 5 core 50.39 1.43 3.22 7.38 14.07 22.25 0.46 99.2 77 46.76 41.14 12.11
S 658 cpx 6 core 49.85 2.03 3.09 8.4 13.51 22.18 0.52 99.59 74 46.66 39.54 13.79
S 692 cpx 9 core 47.71 2.92 5.09 8.56 12.23 21.99 0.62 99.12 72 48.13 37.24 14.62
S 3956 cpx 1 core 49.05 2.81 5.17 8.38 13.04 21.17 0.63 100.26 74 46.17 39.57 14.26
S 3957 cpx1 core 48.95 2.77 5.12 8.43 12.8 21.07 0.65 99.78 73 46.35 39.17 14.47
S 3958 cpx1 core 48.99 2.74 5.14 8.68 13.05 21.31 99.91 73 46.09 39.26 14.65
S 3960 cpx1 core 51.94 4.63 6.98 14.21 21.58 99.34 78 46.11 42.24 11.64
S 3971 cpx2 core 52.49 1.38 2.96 7.41 15 21.3 100.53 78 44.42 43.52 12.06
S 3973 cpx2 core 52.54 1.23 2.8 7.31 0.17 15.21 21.14 0.46 100.86 79 44.04 44.08 11.89
S 3991 cpx3 core 50.73 1.56 5.04 6.85 14.3 21.25 0.46 100.86 79 45.71 42.79 11.50
S 3992 cpx3 core 50.86 1.55 4.95 6.83 14.3 21.3 0.45 100.91 79 45.78 42.76 11.46
S 3998 cpx 4 core 51.05 1.88 3.41 8.2 14.03 21.27 99.83 75 45.07 41.36 13.56
S 3972 cpx2 core 52.74 1.28 2.92 7.27 15.17 21.22 100.6 79 44.21 43.97 11.82
E3 MR rims
S 604 cpx 1 rim 51.41 1 3.07 6.87 15.01 22.21 100.01 80 45.84 43.10 11.07
S 606 cpx 2 rim 48.53 1.72 5.32 7.29 13.41 21.93 0.38 99.08 77 47.39 40.31 12.30
S 616 cpx 3 rim 50.01 1.73 5.12 7.48 13.75 22.2 0.39 100.69 77 47.07 40.56 12.38
S 612 cpx 4 rim 49 1.71 5.54 7.03 13.67 22.07 0.44 100.25 78 47.39 40.83 11.78
S 614 cpx 5 rim 50.2 1.86 3.7 8.58 13.52 22.2 0.48 100.54 74 46.53 39.43 14.04
S 659 cpx 6 rim 47.45 3.59 5.73 8.68 12.1 22.02 0.7 100.27 71 48.26 36.89 14.85
S 669 cpx 7 rim 48.24 3.08 4.93 8.73 12.4 22.18 0.64 100.19 72 47.96 37.30 14.73
S 693 cpx 9 rim 50.14 1.88 3.04 8.28 13.32 22 0.51 99.17 74 46.81 39.43 13.75
S 695 cpx 10 rim 47.79 3.1 4.69 9.42 0.4 11.61 21.56 0.92 99.48 69 47.84 35.84 16.32
S 3961 cpx1 rim 49.98 1.71 4.19 7.57 13.99 21.34 99.11 77 45.68 41.67 12.65
S 3962 cpx1 rim 50.33 1.95 4.23 7.78 13.99 21.32 99.6 76 45.50 41.54 12.96
S 3963 cpx1 rim 50.15 1.96 4.39 7.63 13.64 21.07 0.52 99.36 76 45.80 41.25 12.95
S 3964 cpx1 rim 50.69 1.97 3.47 7.86 13.73 21.13 0.55 99.4 76 45.57 41.20 13.23
S 3974 cpx2 rim 49.83 2.32 5.07 8.08 13.68 21.3 100.62 75 45.67 40.81 13.52
S 3977 cpx2 rim 50.48 1.85 4.03 8.77 14.26 19.86 99.25 74 42.67 42.62 14.71
S 3987 cpx 3 rim 52.79 0.97 2.91 6.65 15.48 21.29 0.38 101.06 81 44.34 44.85 10.81
S 3995 cpx3 rim 49.13 1.83 5.6 6.58 13.78 21.03 0.43 99.4 79 46.39 42.29 11.33
S 3999 cpx4 rim 50.87 1.95 3.18 8.07 13.82 21.25 0.53 99.67 75 45.43 41.10 13.47
Appendix A - Geochemical database of chapter 4
SEM-EDS analysis of Main and Quarry rock-types (MR and QR). Clinopyroxene major elements:












S 726 cpx 1 core 49.77 1.46 3.81 7.77 0.45 13.92 21.72 98.92 76 46.07 41.07 12.86
S 708 cpx 2 core 50.84 1.4 2.65 7.9 14.48 21.84 0.47 99.58 77 45.36 41.84 12.81
S 737 cpx 4 core 47.95 2.32 4.95 8.65 12.82 21.84 0.51 99.04 73 47.04 38.42 14.54
S 744 cpx 5 core 50.19 1.37 4.37 6.83 0.21 14.22 21.81 0.48 99.95 79 46.48 42.16 11.36
S 743 cpx 5 core 48.31 2.57 5.48 8.67 12.85 22.09 0.54 100.51 73 47.27 38.25 14.48
S 766 cpx 6 core 50.3 1.48 4.38 7.38 14.04 22.31 99.88 77 46.87 41.03 12.10
S 769 cpx 7 core 52.03 1.31 2.84 8.31 14.54 22.09 101.11 76 45.26 41.45 13.29
S 770 cpx 8 core 48.76 2.25 4.97 8.54 13.14 22.23 0.55 100.66 73 47.12 38.75 14.13
S 716 cpx 9 core 51.18 0.51 2.92 9.25 13.31 22.49 0.48 100.15 72 46.63 38.40 14.97
S 4005 cpx1 core 50.22 1.62 4.24 7.71 0.2 14 20.85 0.45 99.29 76 44.99 42.03 12.98
S 4010 cpx 2 core 48.09 3.46 5.07 10.02 11.85 20.72 0.67 99.88 68 46.02 36.61 17.37
S 4012 cpx3 core 50.05 1.8 5.67 7.66 14.1 21.03 0.42 101.75 77 45.10 42.07 12.82
S 4024 cpx3 core 50.8 1.34 4 7.22 0.18 14.45 20.97 0.43 99.71 78 44.90 43.04 12.06
S 4060 cpx 4 core 49.61 2.41 4.93 9.01 13.24 21.12 0.56 100.88 72 45.35 39.55 15.10
E15 MR rims
S 707 cpx 1 rim 51.07 1.18 2.85 7.79 14.36 21.94 99.45 77 45.71 41.62 12.67
S 709 cpx 2 rim 47.64 2.7 5.5 9.51 12.21 21.94 0.56 100.37 70 47.34 36.65 16.01
S 711 cpx 3 rim 50.67 1.23 2.75 8.41 14.4 21.96 99.42 75 45.22 41.26 13.52
S 738 cpx 4 rim 49.16 2.13 3.41 9.76 0.25 12.13 21.72 0.74 99.29 69 47.00 36.52 16.48
S 742 cpx 5 rim 51.45 1.69 2.29 9.31 13.36 22.37 0.58 101.05 72 46.39 38.54 15.07
S 768 cpx 6 rim 50.18 1.71 4.44 7.47 14.08 22.37 100.26 77 46.81 40.99 12.20
S 767 cpx 7 rim 47.77 3.17 4.9 9.99 11.85 21.6 0.64 100.31 68 47.08 35.93 16.99
S 771 cpx 8 rim 48.67 2.34 4.85 9.06 0.29 12.66 22.1 0.56 100.52 71 47.24 37.65 15.12
S 717 cpx 9 rim 51.62 0.49 2.82 9.41 0.24 13.32 22.24 0.48 100.63 72 46.22 38.51 15.26
S 4007 cpx 1 rim 51.45 1.31 2.73 8 14.55 20.81 0.42 99.27 76 44.00 42.80 13.20
S 4011 cpx2 rim 50.2 2.45 4.16 9.5 12.52 21.18 0.68 100.7 70 46.03 37.85 16.11
S 4019 cpx3 rim 50.91 1.47 4.01 7.68 14.24 21.17 0.43 100.19 77 45.07 42.17 12.76
A2 QR cores
S 495 cpx 1 core 50.99 1.49 2.32 9.1 14.08 21.7 99.67 73 44.84 40.48 14.68
S 499 cpx 2 core 50.87 1.12 3.03 6.72 14.95 21.54 98.92 80 45.27 43.71 11.02
S 533 cpx 3 core 51.46 1.49 2.85 7.98 14.8 21.84 0.45 100.87 77 44.88 42.32 12.80
S 535 cpx 4 core 51.23 1.01 2.74 7.39 15.79 20.12 0.33 99.29 79 42.04 45.90 12.05
S 539 cpx 5 core 50.76 1.58 2.68 7.95 14.85 21.6 99.43 77 44.57 42.63 12.80
S 547 cpx 6 core 51.64 1.02 2.8 7.11 15.32 21.86 0.33 100.46 79 44.87 43.74 11.39
S 562 cpx 7 core 51.65 0.97 3.19 6.48 15.27 21.76 0.35 100.51 81 45.28 44.20 10.52
S 564 cpx 8 core 51.59 1.36 2.17 9.09 14.48 21.76 100.46 74 44.41 41.11 14.48
S 566 cpx 9 core 51.18 1.46 2.91 7.76 14.75 21.58 99.63 77 44.81 42.61 12.58
S 527 cpx 10 core 51.42 1.58 2.3 9.09 14.14 21.6 100.13 73 44.66 40.67 14.67
S 3908 cpx1 core 51.4 1.48 3.11 7.22 0.26 15.45 21.79 0.38 101.08 79 44.54 43.94 11.52
S 3915 cpx2 core 52.64 1.04 2.93 6.55 15.98 20.69 100.44 81 43.07 46.28 10.64
S 3915 cpx2 core 52.64 1.04 2.93 6.55 15.98 20.69 100.44 81 43.07 46.28 10.64
S 3916 cpx2 core 52.61 1.33 2.6 7.55 15.39 20.6 100.09 78 43.00 44.70 12.30
S 3917 cpx2 core 52.96 0.9 2.59 6.92 16.31 20.14 100.42 81 41.76 47.05 11.20
S 3920 cpx3 core 52.15 1.26 1.71 9 0.19 14.44 20.1 0.57 99.42 74 42.57 42.55 14.88
S 3922 cpx3 core 51.19 1.79 2.79 8.22 0.17 14.38 20.33 0.5 99.37 76 43.49 42.79 13.72
S 3921 cpx3 core 52.52 1.3 1.82 9.23 14.38 20.33 99.58 74 42.76 42.08 15.15
S 3927 cpx4 core 52.16 1.64 2.5 7.93 0.17 15.22 20.48 0.44 100.54 77 42.81 44.26 12.94
S 3944 cpx6 core 52.07 1.05 2.92 6.52 15.72 20.59 99.33 81 43.30 45.99 10.70
A2 QR rims
S 496 cpx 1 rim 53.27 0.9 8.93 13.79 22.31 0.69 99.9 73 46.03 39.59 14.38
S 500 cpx 2  rim 50.87 1.52 2.43 9.51 0.37 13.5 21.33 0.78 100.78 72 44.87 39.51 15.62
S 534 cpx 3 rim 50.16 1.48 2.69 8.48 0.29 13.6 21.36 0.68 99.04 74 45.54 40.34 14.11
S 536 cpx 4 rim 51.01 0.99 3.33 6.45 14.97 21.51 0.35 99.41 81 45.41 43.96 10.63
S 540 cpx 5 rim 51.09 1.24 2.02 9 13.86 21.63 0.7 99.55 73 45.12 40.22 14.65
S 548 cpx 6 rim 51.52 1.43 2.62 8.09 14.96 21.79 100.42 77 44.54 42.55 12.91
S 563 cpx 7 rim 50.8 1.53 2.97 8.1 14.44 21.15 99.23 76 44.47 42.24 13.29
S 565 cpx 8 rim 52.56 0.98 1.84 8.64 13.62 22.56 0.79 100.99 74 46.75 39.27 13.98
S 567 cpx 9 rim 49.46 2.13 3.33 9.08 0.5 13.55 21.09 0.57 99.7 73 44.85 40.08 15.07
S 528 cpx 10 rim 51.14 1.75 2.51 8.6 0.23 14.12 21.27 0.54 100.16 75 44.66 41.25 14.09
S 3909 cpx1 rim 50.62 1.83 2.89 8.56 14.25 21.21 0.53 100.45 75 44.45 41.55 14.00
S 3911 cpx2 rim 52.89 0.88 2.46 6.6 15.98 20.29 0.45 100.3 81 42.56 46.63 10.81
S 3925 cpx3 rim 49.32 1.64 3.78 13.01 9.52 19.89 1.83 98.98 57 45.95 30.60 23.46
S 3926 cpx3 rim 52.12 1.28 2 9.11 13.55 20.3 0.95 99.31 73 43.88 40.75 15.37
S 3928 cpx4 rim 51.97 1.39 2.02 9.58 13.48 20.42 0.84 99.69 71 43.77 40.20 16.03
S 3934 cpx 5 rim 52.84 1.4 2.78 7.36 15.52 20.87 100.78 79 43.29 44.79 11.92
S 3945 cpx6 rim 52.31 1.54 2.61 8.03 15.05 20.75 0.48 100.77 77 43.27 43.66 13.07






Label SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O Total Fo%
S 357 ol 1 core 36.46 0 0 33.25 0.54 30.21 0.47 0 100.93 62
S 359 ol 2 core 36.63 0 0.14 29.31 0.41 33.08 0.41 0.13 100.1 67
S 361 ol 3 core 35.87 0 0.12 34.54 0.52 27.77 0.4 0.1 99.31 59
S 365 ol 4 core 35.41 0 0 35.01 0.55 27.99 0.42 0 99.37 59
S 416 ol 5 core 36.51 35.13 0.59 28.34 0.41 100.99 59
S 418 ol 6 core 36.49 31.23 0.5 30.5 0.39 99.1 64
S 420 ol 7 core 35.93 35.65 0.46 27.81 0.36 100.22 58
S 422 ol 8 core 35.99 34.64 0.58 28.51 0.44 100.16 59
S 428 ol 9 core 36.79 33.12 0.45 30.12 0.43 100.91 62
S 436 ol 10 core 35.85 34.92 0.46 28.67 0.47 100.37 59
S 468 ol11 core 35.57 37.67 0.53 26.08 0.54 100.39 55
S 461 ol 12 core 35.28 35.27 0.46 27.76 0.52 99.29 58
J12 MR rims
S 358 ol 1 rim 36.41 0 0 32.36 0.59 30.98 0.45 0.12 100.92 63
S 360 ol 2 rim 35.83 0 0.11 35.14 0.65 28.05 0.41 0 100.19 59
S 362 ol 3 rim 35.86 0 0 36.29 0.5 26.96 0.39 0.1 100.11 57
S 366 ol 4 rim 35.27 0 0.12 36.35 0.54 26.41 0.46 0 99.15 56
S 417 ol 5 rim 34.93 37.56 0.6 25.73 0.48 99.31 55
S 419 ol 6 rim 35.59 35.83 0.62 27.05 0.42 99.5 57
S 421 ol 7 rim 35.9 35.99 0.63 26.89 0.47 99.88 57
S 423 ol 8 rim 35.23 34.63 0.71 28.36 0.44 99.37 59
S 429 ol 9 rim 36.02 33.74 0.53 29.04 0.38 99.73 61
S 435 ol 10 rim 36.02 35.15 0.54 28.5 0.41 100.61 59
S 467 ol11 rim 35.4 37.14 0.67 26.71 0.47 100.38 56
S 462 ol 12 rim 35.05 37.17 0.49 25.95 0.47 99.14 55
E3 MR cores
S 580 ol 1 rim 37.02 32.12 0.46 30.79 0.5 100.89 63
S 584 ol 2 core 36.76 31.44 0.48 30.68 0.52 99.88 63
S 586 ol 3 core 35.55 33.57 0.79 28.93 0.53 99.37 61
S 596 ol 4 core 36.42 33.02 0.57 29.05 0.48 99.53 61
S 601 ol 5 core 36.57 31.74 0.54 30.52 0.53 99.9 63
S 651 ol 6 core 35.95 33.07 0.55 29.63 0.51 99.72 61
S 688 ol 7 core 36.92 31.4 0.52 30.77 0.5 100.11 64
E3 MR rims
S 581 ol 1 rim 35.74 33.91 0.6 29.31 0.51 100.08 61
S 585 ol 2 rim 36.26 34.35 0.5 28.46 0.51 100.08 60
S 587 ol 3 rim 34.79 0.19 37.93 0.73 24.95 0.48 99.08 54
S 597 ol 4 rim 36.26 33.54 0.55 29.14 0.58 100.07 61
S 599 ol 5 rim 35.99 33.01 0.48 29.37 0.53 99.38 61
S 652 ol 6 rim 35.86 35.1 0.58 27.73 0.49 99.76 58
S 689 ol 7 rim 36.14 31.71 0.58 30.25 0.48 99.17 63
E15 MR cores
S 718 ol 2 core 36.51 31.64 0.47 31.17 0.44 100.22 64
S 720 ol 3 core 36.94 26.88 0.39 34.57 0.5 99.29 70
S 748 ol 4 core 36.79 29.07 0.45 32.3 0.43 99.04 66
S 755 ol 5 core 35.93 32.34 0.49 30.18 0.48 99.42 62
S 756 ol 6 core 36.12 33.87 0.49 29.01 0.35 99.84 60
S 758 ol 7 core 36.51 34.08 0.57 29.19 0.52 100.87 60
S 760 ol 8 core 37.41 26.85 0.4 35.23 0.41 100.3 70
S 762 ol 9 core 37 28.02 0.4 33.81 0.41 99.64 68
E15 MR rims
S 719 ol 2 rim 36.09 35.09 0.64 28.45 0.41 100.69 59
S 721 ol 3 rim 36.95 27.84 0.53 33.9 0.43 99.64 68
S 749 ol 4 rim 35.51 37.29 0.51 26.16 0.45 99.92 56
S 754 ol 5 rim 35.33 36.16 0.6 26.81 0.49 99.39 57
S 757 ol 6 rim 35.53 35.61 0.53 27.61 0.49 99.77 58
S 759 ol 7 rim 34.98 37.58 0.67 25.32 0.48 99.03 55
S 761 ol 8 rim 35.81 35.21 0.7 27.8 0.52 100.03 58
S 763 ol 9 rim 36.57 29.82 0.48 32.52 0.52 99.91 66
A2 QR cores
S 474 ol 1 core 36.38 31.49 0.45 31.33 0.36 100.01 64
S 480 ol 2 core 36.07 31.1 0.41 31.08 0.33 98.99 64
S 486 ol 3 core 35.8 32.97 0.5 29.37 0.35 98.99 61
S 501 ol 4 core 36.22 35.1 0.43 28.64 0.37 100.75 59
S 519 ol 5 core 36.36 29.77 0.53 31.97 0.45 99.08 66
S 530 ol 6 core 35.89 32.72 0.45 29.65 0.39 99.11 62
S 523 ol 7 core 36.15 34.14 0.59 28.83 0.37 100.1 60
A2 QR rims
S 475 ol 1 rim 35.85 33.71 0.59 29.34 0.38 99.88 61
S 481 ol 2 rim 36.48 33.52 0.52 29.62 0.31 100.46 61
S 479 ol 3 rim 35.78 33.89 0.55 28.87 0.34 99.42 60
S 502 ol 4 rim 35.82 36.16 0.59 27.31 0.33 100.22 57
S 520 ol 5 rim 36.19 34.14 0.48 28.94 0.28 100.02 60
S 522 ol 6 rim 35.5 34.93 0.44 27.86 0.38 99.11 59
S 524 ol 7 rim 36.08 34.4 0.57 28.67 0.33 100.04 60
S 526 ol 8 rim 36.23 34.3 0.57 28.26 0.31 99.67 59
Appendix A - Geochemical database of chapter 4
SEM-EDS analysis of Main and Quarry rock-types (MR and QR). Olivine major elements:









Label SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O Total An% Or% Ab%
S 307 plg 1 core 53.55 0 29.7 0.7 0 0.09 11.98 4.44 100.75 59.86 4.12 40.14
S 311 plg 2 core 53.87 0.22 29.07 0.82 0 0.1 11.57 4.63 100.62 58.00 4.48 42.00
S 316 plg 3 core 51.4 0.14 30.22 0.73 0 0.08 13 3.75 99.59 65.70 4.68 34.30
S 328 plg 4 core 51.61 0.18 30.66 0.53 0 0.09 13.13 3.63 100.13 66.65 5.16 33.35
S 330 plg 5 core 53.34 0.23 29.94 0.55 0 0 12.02 4.31 100.73 60.65 4.93 39.35
S 332 plg 6 core 54.22 0 29.38 0.71 0 0.08 11.72 4.51 100.97 58.95 4.99 41.05
F1B RLs rims
S 308 plg 1 rim 53.12 0 30.05 0.76 0 0.1 12.51 4.1 100.91 62.77 4.00 37.23
S 312 plg 2 rim 52.5 0.13 30.17 0.74 0 0.07 12.62 3.89 100.58 64.19 7.22 35.81
S 317 plg 3 rim 52.47 0.19 30.01 0.65 0 0 12.27 4.08 99.99 62.43 4.91 37.57
S 329 plg 4 rim 54.4 0 28.98 0.52 0 0 11.04 4.79 100.11 56.02 4.84 43.98
S 334 plg 6 rim 51.83 0 29.74 1.19 0 0.12 12.92 3.74 99.76 65.62 3.73 34.38
I5 RLs cores
S 215 plg1 core 51.32 0.23 29.91 0.94 0 0.28 14.29 3.73 100.94
S 220 plg 2 core 51.82 0.15 30.02 0.74 0 0.08 12.37 3.96 99.56 63.32 6.52 36.68
S 222 plg3 core 51.74 0 31.13 0.65 0 0.08 13.53 3.63 100.99 67.32 3.83 32.68
S 248 plg 4 core 52.54 0 30.55 0.6 0 0.07 13.06 3.88 100.99 65.04 4.69 34.96
S 249 plg 5 core 52.98 0.2 29.43 0.6 0 0.06 11.67 4.35 99.6 59.72 4.48 40.28
S 251 plg 6 core 57.2 0.26 26.75 0.44 0 0.07 7.33 6.76 99.77 37.47 8.54 62.53
S 258 plg 8 core 52.3 0.15 30.37 0.76 0 0.12 12.77 3.97 100.8 64.00 5.63 36.00
I5 RLs rims
S 221 plg  2 rim 54.69 0.16 28.42 0.43 0 0.06 9.95 5.24 99.36 51.20 4.90 48.80
S 223 plg 3 rim 52.69 0.12 29.24 0.6 0 0.09 12.15 4.25 99.41 61.24 3.73 38.76
S 247 plg 4 rim 51.61 0.14 29.03 1.64 0 0.51 12.16 3.59 99.04 65.18 6.19 34.82
S 250 plg 5 rim 53.17 0.15 29.05 0.46 0 0.06 11.53 4.48 99.32 58.72 5.81 41.28
L15 RLs cores
S 142 plg 1 core 63.83 0 23.29 0.18 0 0.06 4.11 9.07 100.84 19.69 1.65 78.65
S 194 plg2 59.38 0 23.08 0.69 0 0 3.56 5.38 99.59
L15 RLs rims
S 152 pl;g 1 rim 63.78 0 23.31 0.24 0 0 4.11 9.08 100.89 19.60 2.04 78.36
Dyke cores
S 97 plg core 52.38 0 28.87 0.51 0 0.06 0.43 15.49 100.11 64.19 7.22 35.81
Dyke rims
S 98 plg rim 54.3 0 28.84 0.45 0 0.06 10.62 4.83 99.56 54.85 6.02 45.15
Appendix A - Geochemical database of chapter 4
SEM-EDS analysis of Rangefront Lavas (RLs) and dyke. Plagioclase major elements:






Label SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O Total Mg# Wo% En% Fs%
S 77cpx 1 46.55 2.59 7.26 7.74 0 12.17 22.69 0.53 99.96 74 49.69 37.08 13.23
S 99 cpx2 core 48.02 2.34 5.4 8.41 0.16 12.96 22.29 0.48 100.06 73 47.54 38.46 14.00
S 109 cpx 3 core 48.59 2.06 5.67 8.73 0.22 12.43 22.28 0.59 100.72 72 48.03 37.28 14.69
S 111 cpx 4 core 45.74 2.8 6.88 9.16 0.15 11.55 21.79 0.58 99.01 69 47.41 36.29 16.30
S 116 cpx5 core 46.44 2.74 7.2 8.61 0.19 12.05 22.47 0.52 100.22 71 48.90 36.48 14.62
S 120 cpx6 core 45.75 2.93 7.43 8.27 0.17 11.61 22.67 0.57 99.39 71 50.07 35.67 14.26
S 124 cpx 8 core 46.24 2.64 6.65 9.75 0.2 12.18 22.14 0.61 100.42 69 47.41 36.29 16.30
S 126 cpx 9 core 48.74 2.32 4.84 8.71 0 12.81 22.57 0.48 100.47 72 47.83 37.77 14.41
S 128 cpx 10 core 44.45 3.93 8.97 8.79 0 11.08 22.71 0.53 100.44 69 50.48 34.27 15.25
S 129 cpx 10 core 46.18 3.14 6.78 9.97 0.19 11.65 21.88 0.59 100.46 68 47.70 35.33 16.96
S 130 cpx11 core 45.19 3.53 8.01 9.57 0.17 11.46 22.18 0.62 100.73 68 48.65 34.97 16.38
S 131 cpx11 core 46.29 3.4 7.43 8.48 0 11.44 22.67 0.65 100.35 71 50.15 35.21 14.64
S 132 cpx12 core 49.13 1.97 5.03 7.9 0.15 13.44 22.27 0.5 100.74 75 47.25 39.67 13.08
S 135 cpx 12 core 45.1 3.46 7.84 8.4 0 11.25 22.29 0.57 99.28 70 50.09 35.17 14.73
H8 RLs rims
S 93 cpx2 rim 46.11 3.08 7.61 9.35 0.21 10.74 21.08 0.75 99.34 67 48.66 34.49 16.85
S 115 cpx3 rim 47.42 2.5 7.06 8.02 0.19 12.29 22.71 0.54 100.96 73 49.30 37.12 13.59
S 112 cpx4 rim 46.77 2.22 5.69 9.1 0.2 11.99 21.81 0.5 98.27 70 47.59 37.59 14.82
S 117 cp5 rim 47.36 2.38 5.68 8.86 0.19 12.61 22.21 0.46 99.9 72 48.63 34.60 16.77
S 119 cpx6 rim 45.9 2.69 6.79 9.84 0.19 11.39 22.27 0.57 99.65 67 49.72 36.15 14.13
S 122 cpx 7 rim 46.84 2.97 7.14 8.34 0 11.97 22.9 0.48 100.65 72 48.77 36.47 14.76
S 125 cpx 8 rim 47.74 2.59 5.8 8.88 0.14 12.31 22.9 0.53 100.9 71 48.52 36.53 14.94
S 127 cpx9 rim 47.21 2.62 6.44 9.11 0.17 12.42 21.52 0.48 100.14 71 48.63 34.60 16.77
S 133 cpx12 rim 46.83 2.69 7.08 8.72 0.2 11.96 22.1 0.64 100.21 71 47.85 37.68 14.47
S 136 cpx12 rim 49.76 1.87 3.93 8.65 0 12.64 22.33 0.52 99.68 72 47.85 37.68 14.47
F1B RLs cores
S 296 cpx 1 core 46.58 2.63 6.5 9.46 0.16 11.61 22.08 0.7 99.71 69 48.40 35.41 16.19
S 298 cpx 2 core 46.73 2.48 6.4 8.92 0.3 11.99 21.82 0.53 99.17 71 48.00 36.69 15.31
S 300 cpx 3 core 45.21 3.8 7.97 8.58 0 11.65 22.1 0.54 100.08 71 49.11 36.01 14.88
S 349 cpx 4 core 44.67 3.06 7.73 9.9 0.19 11.06 21.94 0.53 99.08 67 48.70 34.15 17.15
S 338 cpx 5 core 48.44 2.04 4.73 9.07 0.19 13.02 21.95 0.43 99.87 72 46.56 38.42 15.02
S 340 cpx 6 core 47.28 2.23 5.78 8.62 0 12.37 22.04 0.52 99.1 72 47.94 37.43 14.63
S 342 cpx 7 core 46.62 2.71 6.03 10.88 0.19 12.05 21.35 0.5 100.33 66 45.81 35.97 18.22
S 344 cpx 8 core 49.03 1.9 4.4 9.6 0.17 12.89 22.05 0.52 100.94 71 46.44 37.77 15.78
S 351 cpx 9 core 46.53 2.77 7.06 9.16 0 11.9 22.67 0.6 100.69 70 48.88 35.70 15.42
F1B RLs rims
S 297 cpx 1 rim 44.61 3.75 8.2 9.11 0.22 11.06 22.13 0.55 99.62 68 49.59 34.48 15.93
S 299 cpx 2 rim 45.71 3.33 7.2 8.59 0 11.44 22.46 0.59 99.38 70 49.82 35.30 14.87
S 303 cpx 3 rim 46.14 3.09 7.49 8.83 0 11.67 22.22 0.64 100.45 70 49.00 35.80 15.20
S 337 cpx 4 rim 48.54 2.15 4.45 8.23 0.19 12.69 22.57 0.5 99.32 73 48.38 37.85 13.77
S 339 cpx 5 rim 49.47 1.73 4.44 7.44 0.21 13.61 22.37 0.46 100 77 47.48 40.19 12.33
S 341 cpx 6 rim 46.01 2.87 7.18 8.48 0.19 11.65 22.51 0.53 99.61 71 49.65 35.75 14.60
S 343 cpx 7 rim 45.99 2.89 7.89 8.01 0.15 11.95 22.53 0.48 100.46 73 49.62 36.61 13.77
S 353 cpx 8 rim 47.29 2.75 6.11 13.01 0.25 11.02 18.06 0.73 100.85 60 47.94 37.43 14.63
S 347 cpx 9 rim 45.93 3.08 7.72 9.29 0 11.21 21.37 0.53 99.18 68 48.33 35.27 16.40
I5 RLs cores
S 226 cpx 1 core 48.07 2.62 6.13 7.67 0.18 12.62 22.9 0.58 100.78 75 47.10 39.75 13.15
S 229 cpx 2 core 47.24 2.31 6.66 7.78 0 12.59 22.37 0.45 100.01 74 47.94 37.43 14.63
S 230 cpx 3 core 45.09 3.73 8.49 9.53 0.15 10.6 22.65 0.68 100.93 66 50.52 32.89 16.59
S 260 cpx 4 core 49.47 1.94 4.61 8.82 0.19 13.23 22.04 0.5 100.8 73 46.57 38.89 14.54
S 266 cpx 5 core 48.84 1.81 4.58 7.89 0 13.38 22.06 0.4 99.1 75 47.10 39.75 13.15
S 274 cpx 6 core 49.5 1.66 4.06 9.47 0 13.15 22.07 0.49 100.41 71 46.21 38.31 15.48
I5 RLs rims
S 228 cpx 2 rim 45.78 3.13 7.65 8.62 0.15 11.33 22.21 0.72 99.69 70 48.33 35.27 16.40
S 232 cpx 3 rim 46.42 3.15 7.84 8.59 0 11.57 22.81 0.54 100.98 71 49.65 35.75 14.60
S 261 cpx 4 rim 44.33 3.96 8.91 8.86 0.21 11.01 22.32 0.65 100.31 69 49.59 34.48 15.93
S 263 cpx 5 rim 49.05 1.96 4.54 7.73 0.15 12.7 22.61 0.6 99.52 75 46.44 37.77 15.78
S 275 cpx 6 rim 49.54 2.02 4.52 8.01 0.22 12.83 22.77 0.6 100.5 74 47.85 37.68 14.47
L15 RLs cores
S 148 cpx 1 core 44.86 3.43 8.83 8.3 0 11.5 22.53 0.53 99.98 71
S 159 cpx 2 core 43.57 4.08 9.33 9 0 10.39 22.58 0.72 99.73 67 51.25 32.81 15.94
S 161 cpx 3 core 43.13 4.05 9.38 9.53 0 10.39 22.43 0.68 99.6 66 50.61 32.61 16.78
S 177 cpx 5 core 44.2 2.69 7.22 10.09 0.19 14.16 20.23 0.51 99.3 71 42.32 41.21 16.47
S 168 cpx 6 core 43.22 4.02 9.19 8.96 0.17 10.7 22.77 0.62 99.65 68 51.00 33.34 15.66
S 178 cpx 8 core 45.5 2.8 6.59 9.99 0.19 11.33 22.08 0.47 98.95 67 48.38 34.54 17.08
S 180 cpx 9 core 48.16 2.18 5.47 8.49 0.2 13.11 22.28 0.46 100.34 73 47.26 38.69 14.06
L15 RLs rims
S 149 cpx 1 rim 44.19 3.84 9.03 8.78 0.17 10.91 22.58 0.62 100.11 69 42.32 41.21 16.47
S 160 cpx 2 rim 43.81 4.09 9.14 9.24 0.14 10.84 22.7 0.63 100.6 68 50.45 33.52 16.03
S 162 cpx 3 rim 45.27 2.94 8 8.41 0 11.65 22.75 0.58 99.6 71 49.98 35.60 14.42
S 185 cpx 5 rim 44.61 2.96 8.23 8.79 0.15 11.2 22.46 0.61 99.01 69 50.02 34.70 15.28
S 179 cpx 8 rim 41.49 4.75 10.45 9.46 0.14 10.06 22.39 0.54 99.27 65 51.15 31.98 16.87
S 181 cpx 9 rim 45.11 3.23 8.29 8.35 0 11.71 22.82 0.52 100.19 71 50.01 35.70 14.28
Dyke cores
S 802 cpx 1 core 46.28 0.92 8.9 9.05 0.25 11.31 23.32 0.63 100.66 69 50.57 34.12 15.32
S 804 cpx 2 core 50.09 0.55 4.39 7.76 13.44 22.97 99.2 76 48.13 39.18 12.69
S 810 cpx 3 core 44.65 3.67 8.86 8.59 11.37 22.5 0.79 100.43 70 49.97 35.13 14.89
S 812 cpx  4 core 42.19 4.48 10.21 9.62 10.42 22.54 0.61 100.07 66 50.60 32.54 16.86
S 814 cpx 5 core 49.42 1.97 4.82 7.65 13.17 22.53 0.58 100.14 75 48.12 39.13 12.75
S 826 cpx 6 rim 47.69 2.14 5.32 8.44 12.76 22.6 0.56 99.51 73 48.15 37.82 14.03
S 828 cpx 7 core 48.38 1.96 4.88 7.65 13.25 22.75 0.53 99.4 76 48.25 39.09 12.66
Dyke rims
S 803 cpx 1 rim 47.05 1.04 8.25 8.29 11.58 23.79 0.53 100.53 71 50.57 34.12 15.32
S 805 cpx 2 rim 44.98 3.17 8.11 8.16 11.52 22.61 0.66 99.21 72 48.13 39.18 12.69
S 811 cpx 3 rim 48.68 2.05 4.96 7.7 13.44 22.94 99.77 76 49.97 35.13 14.89
S 813 cpx 4 rim 48.95 2.01 4.64 8.04 13.21 22.94 99.79 75 50.60 32.54 16.86
S 815 cpx 5 rim 43.69 3.75 9.65 8.56 11.13 22.59 0.72 100.09 70 48.12 39.13 12.75
S 827 cpx 6 rim 43.88 3.78 9.06 8.64 10.97 22.34 0.74 99.41 69 48.15 37.82 14.03
S 835 cpx 7 rim 47.79 2.32 5.57 8.73 12.06 22.69 0.56 99.72 71 48.25 39.09 12.66
Appendix A - Geochemical database of chapter 4
SEM-EDS analysis of Rangefront Lavas (RLs) and dyke. Clinopyroxene major elements:






Label SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O Total Fo%
S 83 ol1 core 39.83 0 0.13 17.6 0.2 42.58 0.23 0 100.56 67
S 87 ol2 core 38.91 0 0.12 20.83 0.31 39.54 0.38 0 100.49 69
S 73 ol3 core 39.69 0 0.23 18.43 0.3 42.01 0.28 0 100.95 62
S 75 ol3 core 38.88 0 0 18.55 0.27 41.12 0.31 0 99.14 67
S 78 ol3 core 39.66 0 0.16 17.16 0.27 42.54 0.27 0.1 100.15 64
S 76 ol4 core 39.58 0 0.16 19.58 0.2 41.33 0.33 0 101.19 75
S 85 ol 6 core 38.93 0 0.13 19.33 0.33 41.51 0.2 0 100.43 52
S 89 ol 7 core 38.05 0 0 22.8 0.39 38.08 0.45 0.09 99.86 67
S 100 ol8 core 39.69 0 0.17 17.81 0.15 42.6 0.29 0.1 100.82 78
S 101 ol8 core 39.4 0 0.16 16.48 0.19 43.28 0.22 0 99.73 67
S 134 ol10 core 39.4 0 0.15 17.23 0.19 43.47 0.25 0.13 100.8 70
H8 RLs rims
S 84 ol1 rim 36.07 0 0.14 35.6 0.64 27.6 0.65 0 100.71 64
S 88 ol2 rim 37.81 0 0.13 27.79 0.4 33.52 0.56 0 100.21 71
S 74 ol3 rim 37.12 0 0.18 29.42 0.47 32.39 0.38 0 99.96 59
S 86 ol 6 rim 36.47 0 0.14 29.25 0.62 32.3 0.44 0 99.22 56
S 90 ol 7 rim 36.22 0 0.11 33.41 0.78 28.95 0.69 0.09 100.26 61
S 102 ol8 rim 38.24 0 0.15 23.81 0.41 37.46 0.41 0 100.48 64
S 103 ol8 rim 37.61 0 0.18 24.76 0.47 36.43 0.35 0 99.79 57
S 105 ol9 rim 34.69 0 0.11 40.39 0.81 22.11 0.86 0 98.96 65
S 107 ol10 rim 38.1 0 0.12 22.62 0.37 38.51 0.36 0.1 100.19 63
F1B RLs cores
S 276 ol 1 core 39.76 0 0.19 17.62 0.24 42.64 0.26 0 100.71 66
S 278 ol 2 core 39.72 0 0.12 15.78 0.24 44.74 0.27 0 100.87 67
S 305 ol 3 core 39.77 0 0.15 14.7 0 43.93 0.27 0 99.18 100
S 282 ol 4 core 39.22 0 0.12 19.42 0.25 40.97 0.27 0.08 100.33 66
S 293 ol 5 core 39.05 0 0.16 17.69 0.21 42.56 0.22 0.1 99.98 65
S 286 ol 6 core 39.17 0 0.12 19.64 0.24 41.55 0.26 0 100.97 66
S 318 ol 7 core 39.66 0 0.14 15.79 0.23 43.52 0.27 0.07 99.68 68
S 320 ol 8 core 39.73 0 0.12 17.49 0.34 42.44 0.17 0 100.29 47
S 322 ol 9 core 39.2 0 0.1 17.38 0.24 42.16 0 0.09 99.47 0
S 326 ol 10 core 40.08 0 0 15.95 0.22 43.79 0.26 0 100.29 68
F1B RLs rims
S 289 ol 1 rim 37.9 0 0.16 22.13 0.29 38.6 0.37 0 99.44 69
S 279 ol 2 rim 37.93 0 0.14 25.21 0.37 36.4 0.48 0 100.53 70
S 281 ol 3 rim 38.19 0 0.12 22.88 0.24 37.52 0.4 0.12 99.48 75
S 290 ol 4 rim 38.5 0 0 22.44 0.26 38.33 0.47 0 100 76
S 285 ol 5 rim 39.09 0 0.17 18.33 0.31 40.94 0.37 0 99.21 68
S 287 ol 6 rim 38.9 0 0 19.99 0.4 40.61 0.3 0 100.21 57
S 319 ol 7 rim 38.28 0.04 0.13 24.15 0.42 37.27 0.43 0 100.72 65
S 321 ol 8 rim 38.03 0 0.2 20.22 0.41 40.05 0.35 0.12 99.38 60
S 323 ol 9 rim 39.03 0 0.15 20.08 0.27 40.37 0.39 0.11 100.4 72
S 325 ol 10 rim 38.5 0 0.15 19.45 0.3 40.49 0.27 0.09 99.26 62
I5 RLs cores
S 196 ol1 core 39.75 0 0.17 16.23 0 43.97 0.09 0 100.61 100
S 198 ol 2 core 39.85 0 0 16.39 0.2 43.79 0.11 0 100.33 50
S 200 ol 3 core 39.14 0 0.18 16.95 0.27 42.76 0.19 0 99.48 56
S 202 ol 4 core 39.86 0 0.16 14.37 0 45.74 0.27 0 100.49 100
S 204 ol 5 core 37.55 0 0.13 17.92 0.2 40.48 0.26 0 96.54 70
S 206 ol 6 core 39.61 0.04 0.15 18.93 0.22 41.63 0.27 0 100.84 69
S 212 ol 7 core 38.17 0 0.16 21.51 0.35 39.29 0.33 0 99.81 63
S 235 ol 8 core 40.19 0 0.22 15.96 0.18 43.86 0.19 0 100.92 65
S 244 ol 9 core 39.29 0 0 19.85 0.16 40.68 0.31 0.15 100.43 78
S 239 ol 10 core 38.56 0 0.19 20.33 0.39 39.56 0.29 0.08 99.39 57
I5 RLs rims
S 197 ol 1 rim 39.85 0 0 16.55 0.16 43.14 0.14 0 99.85 61
S 199 ol 2 rim 39.18 0 0.16 16.86 0.23 43.27 0.15 0 99.86 54
S 201 ol 3 rim 39.38 0 0.13 18.71 0.24 41.63 0.11 0.08 100.28 45
S 203 ol 4 rim 38.47 0 0.16 22.64 0.36 38.74 0.22 0 100.58 52
S 205 ol 5 rim 37.99 0 0.12 22.78 0.32 37.49 0.38 0 99.07 68
S 207 ol 6 rim 37.51 0 0 24.3 0.49 36.6 0.43 0 99.33 61
S 236 ol 8 rim 37.44 0 0.16 25.17 0.53 35.89 0.54 0.11 99.84 64
S 238 ol 9 rim 37.44 0 0.13 28.5 0.52 33.62 0.33 0 100.55 53
S 240 ol 10 rim 37.35 0 0.17 26.62 0.45 34.04 0.4 0.09 99.12 61
L15 RLs cores
S 137 ol 1 core 39.94 0 0.11 16.98 0.23 42.7 0.22 0.08 100.27 63
S 150 ol1 core 39.37 0 0.13 19.49 0.27 41.04 0.33 0 100.75 69
S 140 ol 2 core 38.98 0 0.14 19.12 0.31 40.74 0.29 0 99.58 63
S 144 ol3 core 39.61 0 0.12 16.55 0.16 43.04 0.24 0 99.71 73
S 146 ol4 core 38.45 0 0.16 20.09 0.35 39.6 0.41 0 99.06 68
S 153 ol 5 core 41.26 0 0.12 9.59 0.15 49.04 0 0 0.59 0
S 170 ol 5 core 41.36 0 0 9.69 0 48.99 0 0 0.42
S 155 ol 6 core 39.52 0 0.21 17.26 0.29 42.76 0.27 0 100.31 62
S 157 ol 7 core 39.42 0 0.12 15.34 0.23 43.95 0.27 0.08 0.39 68
S 176 ol 8 core 38.84 0 0.19 19.26 0.34 40.27 0.3 0 99.21 61
S 182 ol 10 core 39.33 0 0.16 18.7 0.32 41.31 0.26 0 100.07 59
L15 RLs rims
S 138 ol1 rim 38.88 0 0.14 20.92 0.31 39.55 0.49 0.09 100.37 74
S 139 ol1 rim 38.13 0 0.12 20.71 0.32 39.52 0.47 0 99.27 72
S 151 ol1 rim 39.18 0 0 19.85 0.33 40.77 0.4 0 100.52 68
S 141 ol2 rim 39.24 0 0.18 19.9 0.35 40.24 0.49 0 100.39 71
S 145 ol3 rim 37.49 0 0 19.89 0.27 38.74 0.51 0 96.9 77
S 147 ol4 rim 37.16 0 0.12 21.12 0.43 37.52 0.5 0 96.85 67
S 154 ol 5 rim 39.17 0 0.14 20.07 0.38 40 0.44 0.11 100.3 67
S 171 ol 5 rim 39.34 0 0.13 19.53 0.35 40.69 0.36 0.11 100.52 65
S 156 ol 6 rim 39 0 0.17 20.06 0.29 40.36 0.48 0 100.35 75
S 158 ol 7 rim 38.65 0 0.15 20.05 0.37 39.41 0.48 0.09 99.2 70
S 184 ol 8 rim 38.6 0 0.15 20.37 0.31 39.55 0.44 0 99.42 72
S 183 ol 10 rim 39.2 0 0.13 20.4 0.4 40.14 0.45 0 100.72 67
Dyke cores
S 794 ol 1 core 39.89 15.17 45.04 0.23 100.33 84
S 796 ol 2 core 39.6 14.06 0.22 45.54 0.27 99.69 85
S 798 ol 3 core 40.24 15.3 44.6 0.27 100.41 84
S 800 ol 4 core 39.47 15.27 44.67 0.24 99.65 84
S 806 ol 5 core 40.09 14.57 0.25 45.66 0.18 100.75 85
S 807 ol 6 core 39.83 16.9 0.34 43.69 0.22 100.98 82
S 816 ol 7 core 40.63 14.14 45.51 0.21 100.49 85
S 822 ol 8 core 40.18 14.12 45.48 0.22 100 85
S 824 ol 9 core 39.95 15.23 45.33 0.25 100.76 84
Dyke rims
S 817 ol 7 rim 40.24 14.51 0.21 45.56 0.21 100.73 85
S 795 ol 1 rim 38.76 20.09 0.36 41 0.27 100.48 78
S 797 ol 2 rim 38.97 20.83 0.38 40.52 0.27 100.97 78
S 799 ol 3 rim 39.2 20.17 0.27 40.67 0.29 100.6 78
S 801 ol 4 rim 38.66 20.32 0.29 40.37 0.25 99.89 78
S 809 ol 6 rim 38.37 19.03 0.26 40.95 0.24 98.85 85
Sm 823 ol 8 rim 38.45 21.06 0.35 39.57 0.3 99.73 77
S 825 ol 9 rim 38.75 19.94 0.38 41.28 0.31 100.66 79
S 808 ol6 rim 38.76 19.09 0.25 41.4 0.27 99.77 79
Appendix A - Geochemical database of chapter 4
SEM-EDS analysis of Rangefront Lavas (RLs) and dyke. Olivine major elements:








Sample G15 STOP3 E9 E16 J12 E5 E14 A3 A2 D10 J19
Major elements (wt.%)
SiO2 44.3 43.2 45.2 45.2 45.2 46.7 45.5 45.4 46.8 46.2 46.3
TiO2 1.43 1.52 1.76 1.71 1.63 1.76 1.45 1.57 1.55 1.51 1.63
Al2O3 14.15 13.8 14.2 14.3 14.35 14.2 14.3 14.4 13.9 14.1 13.95
Fe2O3 12.8 13.15 13.95 13.75 13.9 13.55 13.75 13.35 12.65 13.2 13.45
FeO 11.51744 11.83237 12.55221 12.37225 12.50722 12.19229 12.37225 12.01233 11.38247 11.87736 12.10231
MnO 0.16 0.18 0.18 0.18 0.18 0.17 0.18 0.18 0.17 0.17 0.17
MgO 9.77 8.32 9.62 9.73 9.84 10.15 10.9 9.6 9.92 9.05 10.5
CaO 9.87 11.55 9.78 10.4 9.97 9.3 9.38 9.85 9.29 9.01 9.13
Na2O 1.45 3.04 2.83 2.37 2.75 2.61 2.54 2.69 2.59 2.5 2.69
K2O 0.47 0.49 0.85 0.89 0.68 1 0.58 0.78 0.8 0.61 0.71
P2O5 0.2 0.23 0.26 0.27 0.27 0.31 0.21 0.26 0.27 0.24 0.29
LOI 4.92 4.69 0.34 1.38 0.74 0.66 1.31 2.43 1.64 2.75 1.29
Total 99.52 100.17 98.97 100.18 99.51 100.41 100.1 100.51 99.58 99.34 100.11
Mg# 60.19336 55.62354 57.73787 58.36638 58.3759 59.74242 61.09675 58.75639 60.83907 57.59587 60.73182
Na2O+K2O 1.92 3.53 3.68 3.26 3.43 3.61 3.12 3.47 3.39 3.11 3.4
Trace elements (ppm)
Ti* 8594.354 9135.257 10577.67 10277.16 9796.361 10577.67 8714.555 9435.759 9315.558 9075.157 9796.361
P* 438.0481 503.7553 569.4625 591.3649 591.3649 678.9745 459.9505 569.4625 591.3649 525.6577 635.1697
Cs 0.28 0.38 0.51 0.47 0.54 0.61 0.46 0.56 0.99 0.72 1.49
Sr 402 391 357 395 349 404 319 419 921 553 1115
K* 1955 2038.191 3535.638 3702.021 2828.511 4159.574 2412.553 3244.468 3327.66 2537.34 2953.298
Rb 11.9 13.7 21.7 23.4 20.5 26.4 16.4 35.3 30.2 16.9 25
Ba 168.5 188 208 222 205 221 161.5 173 479 236 250
Th 3.35 3.49 4.27 4.4 4.44 4.19 3.28 3.64 3.58 3.19 3.88
U 0.74 0.94 0.96 0.97 1.01 0.94 0.71 0.87 0.83 0.73 0.88
Nb 27.3 27.3 40.9 42.9 37.7 32.3 27.1 29.5 27.3 25.6 29.7
Ta 1.8 1.7 2.9 2.8 2.6 2.2 1.9 1.8 1.9 1.8 2
La 21.8 21.1 28.7 30.7 29.4 26.6 21.8 23 23.7 21.6 25.1
Ce 41.4 40 53.9 58.7 55.5 51.6 41.6 43.3 45.6 42.2 48.3
Pr 4.62 4.58 6.14 6.53 5.91 5.86 4.66 5.01 5.26 4.88 5.42
Nd 18.3 18.6 23.5 25.2 22.9 23.9 18.6 19.7 21.5 19.6 21.6
Zr 93 95 123 122 111 132 94 106 117 106 121
Hf 2.5 2.4 3 2.9 2.9 3.2 2.4 2.5 2.8 2.6 3.1
Sm 3.9 3.96 5.1 5.29 4.8 4.97 4.07 4.13 4.68 4.52 4.61
Eu 1.39 1.48 1.69 1.7 1.61 1.74 1.42 1.48 1.62 1.54 1.65
Gd 3.72 3.67 4.63 4.57 4.38 4.49 3.78 3.95 4.21 4.19 4.03
Tb 0.61 0.59 0.75 0.74 0.67 0.7 0.59 0.64 0.65 0.64 0.66
Ga 16.6 17.3 20.1 20.1 19.6 19.8 17.7 18 19.1 18.9 19.5
V 210 239 224 227 229 218 206 231 195 201 205
Dy 3.47 3.66 4.27 4.15 3.93 3.98 3.46 3.82 3.62 3.7 3.48
Ho 0.66 0.7 0.76 0.8 0.76 0.73 0.67 0.74 0.71 0.69 0.67
Er 1.72 1.89 2.13 2.13 2.09 1.97 1.77 1.98 1.79 1.84 1.77
Tm 0.25 0.26 0.32 0.29 0.29 0.27 0.26 0.28 0.25 0.24 0.24
Y 18.2 20.5 22 21.7 21 20.3 18.3 21.6 18.5 19 18.4
Yb 1.52 1.66 1.84 1.72 1.77 1.61 1.58 1.74 1.49 1.5 1.47
Lu 0.22 0.23 0.28 0.26 0.26 0.23 0.23 0.25 0.21 0.22 0.21
Cr 330 310 310 300 300 390 330 320 470 440 420
Sn 2 1 2 2 2 2 1 2 2 2 2
W 81 131 320 146 172 201 234 89 129 149 288
*calculated
Appendix A - Geochemical database of chapter 4
Whole rock analysis - Swinburn body (Main and Quarry rocks)









Sample L4 I14 L15 I5 L14 F1B H8 Dyke
Major elements (wt.%)
SiO2 41.6 44.1 43.7 41.4 42.3 41.4 43 39.6
TiO2 2.51 2.48 2.37 2.4 2.52 2.34 2.25 2.26
Al2O3 13 13.95 13.15 13.15 13.05 13.4 13.65 12.65
Fe2O3 14.2 14.5 14.35 13.7 14.75 14.3 13.75 13.45
FeO 12.77716 13.0471 12.91213 12.32726 13.27205 12.86714 12.37225 12.10231
MnO 0.21 0.26 0.2 0.21 0.23 0.23 0.23 0.23
MgO 7.78 8.55 8.66 8.63 9.32 9.55 9.36 7.75
CaO 11.4 9.72 9.93 9.35 10.35 10.2 10.35 9.33
Na2O 4.83 4.07 3.94 4.05 3.86 4.04 3.82 4.7
K2O 1.21 1.47 1.66 1.43 1.44 1.32 1.34 1.77
P2O5 1.01 0.72 0.89 0.67 0.98 0.67 0.66 0.93
LOI 1.5 1.06 0.14 2.51 0.63 3.69 2.22 5.6
Total 99.25 100.88 98.99 97.5 99.43 101.14 100.63 98.27
Mg# 52.04814 53.87818 54.45371 55.51511 55.59093 56.95312 57.42136 53.30444
Na2O+K2O 6.04 5.54 5.6 5.48 5.3 5.36 5.16 6.47
Trace elements (ppm)
Ti* 15085.19 14904.89 14243.79 14424.09 15145.29 14063.49 13522.58 13582.69
P* 2212.143 1576.973 1949.314 1467.461 2146.436 1467.461 1445.559 2036.924
Cs 0.86 0.42 0.8 0.47 0.61 0.4 0.42 0.97
Sr 1085 828 879 850 1065 778 744 1140
K* 5033.085 6114.574 6904.894 5948.191 5989.787 5490.638 5573.83 7362.447
Rb 22.6 35.9 48 32.1 27.1 27.2 35.5 57.5
Ba 684 486 560 495 593 429 428 662
Th 9.45 6.39 7.49 6.45 8.4 5.83 5.38 13.75
U 2.41 1.57 1.85 1.65 1.98 1.67 1.39 3.28
Nb 108.5 80 78.8 75.7 92.6 71.5 65.3 121
Ta 7 5.4 5.2 4.8 5.8 4.8 4.5 8
La 86.9 57.3 66.8 52.4 78.2 52.6 49 92.6
Ce 159.5 109.5 128.5 101 147 101 92.9 166
Pr 16.85 12.05 13.65 11.5 15.9 11.2 10.45 17.9
Nd 63.6 46.4 52.6 44.1 60.6 42.6 40.7 64.9
Zr 283 248 239 240 256 227 210 319
Hf 6.2 5.6 5.5 5.4 5.7 5.1 4.8 6.7
Sm 11.6 8.79 10 8.27 11.1 8.28 8.13 10.85
Eu 3.73 2.98 3.22 2.77 3.68 2.72 2.63 3.68
Gd 8.92 7.04 7.65 6.76 8.59 6.63 6.46 8.78
Tb 1.3 1.07 1.1 1 1.28 1.01 0.98 1.27
Ga 20.4 20.2 19.4 18.5 20.4 19.7 19.4 19
V 195 200 198 209 207 196 196 195
Dy 6.6 5.77 5.97 5.65 6.75 5.33 5.19 7.06
Ho 1.19 1.04 1.1 1.05 1.23 0.96 0.98 1.36
Er 3.18 2.71 2.84 2.7 3.08 2.59 2.53 3.42
Tm 0.43 0.39 0.38 0.36 0.43 0.35 0.35 0.47
Y 34 28.4 29.9 28.7 33.1 27 26.3 37.4
Yb 2.49 2.19 2.36 2.24 2.63 2.1 2.06 3.02
Lu 0.37 0.32 0.34 0.31 0.38 0.31 0.31 0.42
Cr 310 350 330 340 350 340 360 290
Sn 3 3 3 2 3 2 2 3
W 131 195 167 83 101 131 154 173
*calculated Ti = ((TiO2/79.7)*10000*47.9))
P = ((P2O5/141.4)*10000*30.97))
K = ((K2O/94)*10000*39.1)
Appendix A - Geochemical database of chapter 4
Whole rock analysis - Rangefront Lavas and dyke
Rangefront Lavas




Sample FLAT-1 BALD-1 PEAT-1 CRAT-1 WAIH-1 WAIH-2 SCOU-1 RAMR-1 HYDE-1 SIBE-1 FORT-1 KATT-1 DASH-1 PIGR-1 PIGR-2 SADD-1 MURD-1 MURD-2
Major elements (wt.%)
SiO2 43 44.9 45.1 41.8 42.5 45.2 41.2 42.9 43.1 43.5 43.7 44 44.4 48.8 47.5 42.7 49.4 48.1
TiO2 3.02 2.23 2.67 2.32 3.43 1.89 2.38 2.35 2.27 2.56 2.5 2.25 2.2 1.78 1.78 2.81 1.49 1.44
Al2O3 14.45 14.4 14.35 13.05 13.8 12.95 12.7 13.6 13.25 13.8 13.65 12.95 13.6 14.85 14.4 13.85 17.35 16.75
Fe2O3 14.9 12.35 15.45 14.9 12.75 14.3 14.75 12.35 13.35 13.8 13.95 13.3 13.35 11.55 11.55 13.50 9.40 9.52
FeO 13.40702 11.11253 13.90191 13.40702 11.47245 12.86714 13.27205 11.11253 12.01233 12.41724 12.55221 11.96734 12.01233 10.39269 10.39269 12.15 8.46 8.57
MnO 0.23 0.17 0.21 0.25 0.17 0.19 0.24 0.19 0.2 0.21 0.19 0.18 0.19 0.16 0.16 0.19 0.2 0.2
MgO 5.83 8.82 6.53 7.63 7.95 11.95 10.45 9.31 8.08 8.7 9.5 13.4 9.72 4.95 4.78 9.87 4.01 5.11
CaO 9.08 8.46 8.98 9.42 9.77 9.67 10.9 9.92 8.85 8.8 10.25 9.26 8.75 5.13 5.99 10.8 5.69 5.56
Na2O 4.88 3.61 3.52 5.18 3.1 3.03 4.16 4.11 4.64 4.34 3.58 3.43 3.7 6.11 2.89 3.12 7.89 6.56
K2O 1.52 1.59 1.96 2.11 1.05 0.56 1.06 1.83 1.61 1.64 0.91 1.34 1.52 2.78 4.03 1.24 2.99 2.69
P2O5 0.87 0.72 0.98 1.11 0.65 0.46 1.06 0.61 0.72 0.79 0.61 0.49 0.61 0.93 0.97 0.52 0.39 0.39
LOI 0.91 1.2 0.77 0.66 1.85 0.21 0.77 0.17 2.63 1.66 0.62 0.34 0.67 1.63 4.5 0.14 1.28 2.02
Total 98.69 98.45 100.52 98.43 97.02 100.41 99.67 97.34 98.7 99.8 99.46 100.94 98.71 98.67 98.55 98.74 100.09 98.34
Mg# 43.66702 58.58954 45.573 50.35958 55.26287 62.34291 58.39514 59.89495 54.52589 55.53501 57.43128 66.62222 59.0571 45.91808 45.05155 59.16 45.80 51.54
Na2O+K2O 6.4 5.2 5.48 7.29 4.15 3.59 5.22 5.94 6.25 5.98 4.49 4.77 5.22 8.89 6.92 4.36 10.88 9.25
Trace elements (ppm)
Ti* 18150.3 13402.4 16046.8 13943.3 20614.4 11359.0 14303.9 14123.6 13642.8 15385.7 15025.1 13522.6 13222.1 10697.9 10697.9 16888.21 8654.45 8954.96
P* 1905.509 1576.973 2146.436 2431.167 1423.656 1007.511 2321.655 1336.047 1576.973 1730.29 1336.047 1073.218 1336.047 2036.924 2124.533 1138.93 854.19 854.19
Cs 0.62 0.66 0.5 0.68 0.36 0.4 0.58 0.64 0.65 0.6 0.43 0.74 0.44 2.22 1 0.31 1.61 1.42
Sr 892 901 900 1370 883 540 1100 845 1000 1005 672 673 764 1515 1345 658 1060 996
K* 6322.553 6613.723 8152.766 8776.702 4367.553 2329.362 4409.149 7612.021 6696.915 6821.702 3785.213 5573.83 6322.553 11563.62 16763.09 5157.87 11189.26 12437.13
Rb 51.4 42.9 61.2 49.2 24.5 14.5 51.1 50.8 40.3 46.8 45.9 31.3 42.4 81.1 111 30.6 126.5 104.5
Ba 438 491 459 815 404 269 667 502 571 545 388 378 424 767 757 354 617 562
Th 6.85 9.44 7.92 11.05 6.29 5.03 10.3 8.24 7.46 8.54 6.8 5 6.79 16.8 16.35 5.73 30.4 26.4
U 1.74 2.22 2.02 2.64 1.64 1.18 2.37 2.05 1.91 2.18 1.64 1.23 1.74 4.15 4.17 1.5 7.69 4.7
Nb 85.4 81.5 89 117 65.2 41.8 109.5 95.3 82.5 105 68 65.5 75.7 137.5 144.5 67.3 165 153.5
Ta 6.1 5.3 6.3 7.5 4.3 2.6 6.8 6.7 5.7 7.2 4.6 4.6 5.1 8.4 9.7 4.7 11.8 11.1
La 53.2 69.6 69 112 51.3 36.2 89.7 62.3 63.1 71.1 50 41.7 53.2 111.5 108 48.2 116 107
Ce 108 125 136 205 101 67.5 162 115 119.5 135.5 94.3 80.9 101.5 209 204 96.4 187 177
Pr 12.7 13.6 14.9 22.5 12.25 7.65 17.35 12.2 13.3 15.3 10.7 8.95 11.45 21.8 21.6 10.9 16.85 16
Nd 49.6 50.1 56.4 83 48.2 30.3 64.2 45.8 50 56.3 40.6 34.9 43 80.4 77.3 43.5 55.4 51.8
Zr 365 252 338 317 252 147 242 285 283 336 210 188 270 618 628 207 680 613
Hf 7.5 5.4 7.7 6.9 5.7 3.4 5.1 6.2 6.3 7.4 4.7 4.4 5.7 13.7 13.3 5 12.4 11.4
Sm 9.94 8.83 10.8 14.8 9.24 6.04 11.7 8.66 9.29 10.35 7.96 6.77 8.13 13.85 13.9 8.41 9.48 8.94
Eu 3.23 2.94 3.62 4.83 3.17 2.14 3.72 2.85 3.07 3.48 2.63 2.3 2.66 4.52 4.59 2.84 3.08 2.85
Gd 7.74 6.8 8.3 11.05 7.69 5.41 9.07 6.56 7.2 8.15 6.43 5.48 6.49 9.91 9.47 6.92 7.44 6.85
Tb 1.16 1.03 1.24 1.58 1.14 0.82 1.37 1.02 1.08 1.19 0.95 0.86 0.95 1.33 1.29 1.02 1.21 1.1
Ga 24.8 20.9 22.2 20.2 19.9 18.5 17.9 19.4 21.1 19.7 21.9 17.9 20.4 31.8 32.9 20.6 30.4 28.9
V 235 184 171 164 277 216 222 214 181 183 239 211 190 74 69 273 113 105
Dy 6.09 5.36 6.3 8.28 6.06 4.48 7.17 5.35 5.61 6.42 4.97 4.63 5.11 6.18 5.9 5.5 6.6 6.18
Ho 1.05 0.96 1.13 1.49 1.1 0.82 1.33 0.97 0.97 1.15 0.85 0.84 0.92 0.9 0.91 0.96 1.24 1.15
Er 2.56 2.55 2.89 3.87 2.77 2.14 3.53 2.59 2.54 3.01 2.25 2.17 2.41 1.9 2 2.46 3.29 3.04
Tm 0.32 0.35 0.38 0.51 0.34 0.26 0.49 0.37 0.33 0.41 0.29 0.3 0.34 0.23 0.21 0.32 0.46 0.44
Y 29.5 25.8 30.7 39.3 30.9 22.4 36.2 27.4 26.4 30.7 22.9 22.2 25.3 24.9 25.1 26 35.4 32.9
Yb 1.86 1.94 2.24 3 2.18 1.59 2.98 2.13 1.92 2.44 1.65 1.73 1.93 1.11 1.02 1.91 2.73 2.59
Lu 0.26 0.28 0.32 0.44 0.28 0.21 0.42 0.32 0.26 0.35 0.22 0.24 0.29 0.14 0.12 0.26 0.36 0.34
Cr 150 290 220 250 240 540 370 360 380 240 380 650 420 150 100 340 180 150
Sn 3 3 3 3 3 2 3 3 3 3 2 2 3 5 5
W 97 216 267 126 73 121 219 94 172 22 143 64 43 71 18
*calculated
Waipiata Volcanic Field (WVF)
Appendix A - Geochemical database of chapter 4
Whole rock analysis - peridotite bearing basanites (PBBs)










Sample Sr ppm 87Sr ±2σ Nd ppm 143Nd ±2σ eNd 206Pb ±2σ 207Pb ±2σ 208Pb ±2σ δ
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E16 395 0.703116886 18 25.2 0.512872365 14.4 4.57173562 20.2882134 0.000862 15.7169457 0.000736 39.7335196 0.00214 -0.344859897 0.064411804 -0.157767169 0.043907455
J12 349 0.70314547 11 22.9 0.512870538 15.16 4.536106318 20.2191329 0.000876 15.7108688 0.000814 39.6822906 0.0024 -0.374747619 0.050340618 -0.181952123 0.028413862
Quarry rocks
A3 419 0.704240833 11 19.7 0.512848399 11.92 4.104239571 19.9816193 0.000762 15.6988893 0.000746 39.5419689 0.00252 -0.468378842 0.064411804 -0.233296809 0.043907455
A2 921 0.705683096 13 21.5 0.512855515 9.48 4.243048932 19.5193482 0.000908 15.6656859 0.00095 39.219815 0.00308 -0.315550094 0.064411804 -0.168517323 0.043907455
PBBs of DVG
Rangefront Lavas (RLs)
RANG-H8 744 0.703076456 13 40.7 0.512918572 12.84 5.473101865 19.872103 0.000766 15.6525309 0.000752 39.389866 0.00228 -0.412699218 0.09160818 -0.210488213 0.068383437
RANG-L15 879 0.703001993 12 52.6 0.512907597 9.92 5.259014633 19.7645333 0.00078 15.6554423 0.000752 39.34699 0.0025 -0.34433523 0.050340618 -0.19453824 0.028413862
RANG-I5 850 0.70310133 11 44.1 0.512913183 11.14 5.367988059 19.9592622 0.000918 15.6548405 0.00084 39.4435011 0.00244 -0.330416665 0.051225266 -0.177801356 0.04274021
Waipiata Volcanic Field
FLAT-1 892 0.702830418 12.46 49.6 0.512930768 8.16 5.711015838 20.1295802 0.001152 15.6674533 0.001036 39.5504657 0.00358 -0.197775212 0.051225266 -0.083551956 0.04274021
DASH-1 764 0.702813145 9.04 43 0.512933368 9.42 5.76172877 20.0125992 0.000942 15.6600262 0.000758 39.4894316 0.00242 -0.404561123 0.050340618 -0.21385016 0.028413862
CRAT-1 1370 0.702773978 14.42 83 0.51294887 10.7 6.064132618 20.1852313 0.000934 15.6667974 0.000856 39.6042864 0.00252 -0.27442406 0.051225266 -0.144824093 0.04274021
BALD-1 901 0.703112115 11.92 50.1 0.512885057 7.82 4.819320522 19.9044385 0.000816 15.652538 0.000738 39.7073539 0.00232
KATT-1 673 0.70291057 10.54 34.9 0.512933924 9.8 5.772575654 19.8945252 0.001104 15.6561828 0.000854 39.4059319 0.0027 -0.277870032 0.051225266 -0.125397942 0.04274021
HYDE-1 1000 0.702908812 10.56 50 0.512925602 10.88 5.610229292 20.1803104 0.001126 15.6694551 0.000882 39.5991832 0.00254 -0.43 0.064411804 -0.20725 0.043907455
FORT-1 672 0.702835982 7.92 40.6 0.512917579 11.74 5.453736504 20.3162807 0.000908 15.6783516 0.000938 39.7595188 0.0025 -0.340356863 0.051225266 -0.182804341 0.04274021
PEAT-1 900 0.702943679 11.62 56.4 0.512891051 11.32 4.936252116 20.0693487 0.001034 15.6561592 0.0009 39.6349277 0.00284 -0.316057872 0.051225266 -0.128003114 0.04274021
WAIH-1 883 0.70311211 13 48.2 0.512857126 10.16 4.274484386 20.1125863 0.000884 15.6675232 0.000768 39.8741136 0.00228 -0.344535002 0.050340618 -0.160580155 0.028413862
WAIH-2 540 0.702896761 8.9 30.3 0.512908409 12.84 5.274855938 20.0037175 0.000986 15.6626602 0.000974 39.5492976 0.00288 -0.243371117 0.051225266 -0.090102707 0.04274021
SIBE-1 1005 0.702802592 11.58 56.3 0.512926847 9.58 5.634513051 19.974519 0.000968 15.6464562 0.000904 39.4436021 0.00264 -0.290221458 0.051225266 -0.163545912 0.04274021
SCOU-1 1100 0.70285251 7.5 64.2 0.512921725 10.32 5.53461641 20.1191028 0.0009 15.6615331 0.00083 39.5878097 0.00244 -0.345584582 0.051225266 -0.139460624 0.04274021
PIGR-1 1515 0.703011165 12.8 80.4 0.512864459 17.38 4.417522255 20.2071324 0.001158 15.6694235 0.00102 39.7578575 0.00246 -0.269034511 0.051682883 -0.11561348 0.044362248
PIGR-2 1345 0.703063374 15.68 77.3 0.51287166 14.34 4.557983294 20.3967206 0.000792 15.674908 0.000678 39.8677426 0.00212 -0.282978145 0.051682883 -0.111309453 0.044362248
RAMR-1 845 0.702889973 10.22 45.8 0.512924664 12.4 5.591932613 19.8310081 0.000872 15.6442778 0.000764 39.3763513 0.00238 -0.241257308 0.051225266 -0.0923579 0.04274021
Dunedin Volcanic 
Complex
SADD-1 658 0.702895674 13.62 43.5 0.512894261 10.4 4.998874891 20.412661 0.000876 15.6821275 0.000766 39.86773 0.00248 -0.24736975 0.051225266 -0.095150398 0.04274021
MURD-1 1060 0.702913127 7.6 55.4 0.512920542 10.62 5.51153639 20.2627352 0.001022 15.6711108 0.000892 39.7475792 0.00272 -0.307496687 0.051682883 -0.175358916 0.044362248
MURD-2 996 0.702901107 13.12 51.8 0.51290746 8.28 5.256344918 20.2443636 0.000916 15.666081 0.00086 39.7578275 0.00262 -0.202326838 0.051682883 -0.069273039 0.044362248
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Label SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O Total An% Or% Ab%
S 42 plg1 core 66.63 20.9 1.33 6.72 3.86 99.44 7.35 25.41 67.24
S 46 plg 2 core 66.05 21.72 1.92 6.86 2.85 99.4 10.83 19.14 70.03
S 47 plg 3 core 67.85 20.92 1.1 6.25 4.04 100.16 6.39 27.93 65.68
S 48 plg 4 core 64.86 20.93 Fe 1.73 6.34 3.16 97.02 10.20 22.17 67.63
S 88 plg 1 core 58.79 26.26 0.46 7.69 6.31 0.6 100.11 38.79 3.60 57.60
S 89 plg 1 core 58.75 26.55 0.38 7.88 6.44 0.54 100.54 39.05 3.19 57.76
S 90 plg 1 core 60.51 25.59 6.6 6.81 0.8 100.31 33.21 4.79 62.00
S 98 plg 2 core 58.73 26.59 0.38 7.8 6.29 0.57 100.36 39.27 3.42 57.31
S 99 plg 2 core 58.38 26.68 0.31 8 6.24 0.61 100.22 39.96 3.63 56.41
S 100 plg 2 core 58 27.3 0.46 8.64 5.83 0.53 100.76 43.59 3.18 53.23
S 110 plg 3 core 59.33 25.89 7.38 6.57 0.64 99.81 36.84 3.80 59.35
S 111 plg 3 core 60.81 24.68 0.3 5.68 6.85 0.86 99.18 29.74 5.36 64.90
S 112 plg 3 core 60.02 25.11 6.16 6.88 0.68 98.85 31.72 4.17 64.11
S 113 plg 3 core 59.45 26.08 0.37 7.36 6.54 0.61 100.41 36.95 3.65 59.41
S 125 plg 4 core 57.5 27.43 0.37 9.28 5.72 0.45 100.75 46.02 2.66 51.33
S 126 plg 4 core 57.55 27.32 0.39 9.2 5.71 0.45 100.62 45.84 2.67 51.49
S 127 plg 4 core 56.8 27.44 0.59 9.5 5.62 0.48 100.43 46.93 2.82 50.24
G7 VL rims
S 94 plg 1 rim 64.01 21.53 0.45 2.27 6.88 2.72 97.86 12.64 18.03 69.33
S 95 plg 1 rim 67.08 20.1 6.41 5.57 99.16 0.00 36.37 63.63
S 96 plg 1 rim 65.92 19.44 0.43 4.78 7.79 98.36 0.00 51.74 48.26
S 97 plg 1 rim 66.35 20.24 0.42 0.57 5.7 5.89 99.17 3.19 39.18 57.64
S 101 plg 2 rim 66.18 20.08 0.72 5.87 5.68 98.53 3.98 37.35 58.67
S 102 plg 2 rim 65.84 20.29 0.9 5.89 5.19 98.11 5.07 34.83 60.09
S 103 plg 2 rim 65.99 20.4 0.98 6.03 4.94 98.34 5.51 33.09 61.40
S 116 plg 3 rim 63.78 22.17 2.79 7.76 1.63 98.13 14.86 10.34 74.80
S146 plg 4 rim 63.6 22.91 0.59 3.61 7.55 1.32 99.58 19.16 8.34 72.50
A6 VL cores
Label SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O Total An% Or% Ab%
S 160 plg 1 core 51.77 30.93 0.59 13.65 3.48 0.16 100.58 67.78 0.95 31.27
S 161 plg 1 core 52.12 30.46 0.42 13.08 3.5 0.17 99.75 66.68 1.03 32.29
S 162 plg 1 core 51.68 30.78 0.43 13.35 3.47 0.17 99.88 67.32 1.02 31.66
S 163 plg 1 core 51.48 30.94 0.46 13.52 3.43 0.17 100 67.84 1.02 31.14
S 184 plg 2 core 53.58 29.07 0.55 11.68 4.27 0.29 99.44 59.13 1.75 39.12
S 185 plg 2 core 53.53 29.6 0.48 11.96 3.91 0.18 99.66 62.13 1.11 36.76
S 186 plg 2 core 53.19 29.66 0.57 12.27 3.84 0.21 99.74 63.02 1.28 35.69
S 195 plg 3 core 51.83 30.52 0.32 13.36 3.41 0.16 99.6 67.74 0.97 31.29
S 196 plg 3 core 51.55 30.99 0.42 13.56 3.57 0.14 100.23 67.17 0.83 32.00
S 197 plg 3 core 52.53 30.39 0.44 12.87 3.61 0.2 100.04 65.53 1.21 33.26
S 229 plg 4 core 51.89 29.45 0.51 12.58 4.03 0.18 98.64 62.63 1.07 36.31
S 230 plg 4 core 51.83 29.45 0.41 12.51 3.94 0.23 98.37 62.82 1.37 35.80
S 231 plg 4 core 52.19 0.19 29.63 0.54 12.76 3.87 0.19 99.37 63.83 1.13 35.03
A6 VL rims
S 200 plg 3 near rim 56.63 27.85 0.66 10.38 3.92 0.2 99.64 58.61 1.34 40.05
S 204 plg 3 rim bad tot 60.12 23.69 0.4 5.25 6.77 0.73 96.96 28.58 4.73 66.69
S 232 plg 4 rim 55.97 0.23 26.6 0.61 8.81 5.51 0.43 98.16 45.66 2.65 51.68
S 237 plg 4 rim 55.5 29.23 0.57 11.04 4.56 0.22 101.12 56.46 1.34 42.20
SEM-EDS analysis of vesicular lavas (VL). Plagioclase major elements:
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Label SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O Total An% Or% Ab%
S 255 plg 1 core 51.84 31.56 0.34 14.02 3.58 0.14 101.48 67.84 0.81 31.35
S 256 plg 1 core 52.46 30.94 0.51 13.35 3.89 0.15 101.3 64.91 0.87 34.23
S 257 plg 1 core 52.14 31.08 0.36 13.56 3.64 0.21 100.99 66.48 1.23 32.29
S 258 plg 1 core 51.95 31.08 0.42 13.72 3.58 0.15 100.9 67.33 0.88 31.79
S 265 plg 2 core 51.35 30.99 0.4 13.68 3.47 0.16 100.05 67.89 0.95 31.16
S 266 plg 2 core 52.6 30.36 0.39 13.16 3.88 0.2 100.59 64.45 1.17 34.39
S 267 plg 2 core 51.6 30.92 0.38 13.76 3.57 0.14 100.37 67.49 0.82 31.69
S 268 plg 2 core 52.49 30.45 0.53 13.3 3.79 0.2 100.76 65.21 1.17 33.63
S 269 plg 2 core 53.23 30.01 0.43 12.52 4.06 0.2 100.45 62.27 1.18 36.54
S 273 plg 3 core 52.25 30.65 0.41 13.15 3.71 0.22 100.39 65.34 1.30 33.36
S 274 plg 3 core 51.76 31.31 0.34 13.75 3.62 0.18 100.96 67.02 1.04 31.93
S 275 plg 3 core 51.8 30.81 0.38 13.4 3.69 0.19 100.27 66.00 1.11 32.89
S 292 plg 4 core 51.7 30.91 13.3 3.6 0.21 99.72 66.29 1.25 32.47
S 293 plg 4 core 51.41 31.01 0.53 13.44 3.57 0.13 100.09 67.02 0.77 32.21
S 276 plg 3 core 51.5 31.28 0.34 13.69 3.53 0.16 100.5 67.54 0.94 31.52
S 294 plg 4 core 54.17 29.39 0.35 11.67 4.4 0.25 100.23 58.56 1.49 39.95
S 301 plg5 core 52.95 30.31 0.68 12.67 4.04 0.15 100.8 62.85 0.89 36.27
S 302 plg5 core 52.19 30.51 0.43 13.22 3.74 0.16 100.25 65.52 0.94 33.54
S 303 plg5 core 52.44 30.32 0.51 12.78 3.91 0.17 100.13 63.72 1.01 35.28
C2 VL rims
S 261 plg 1 near rim 54.87 0.2 29.89 0.47 11.98 4.48 0.23 102.12 58.84 1.34 39.82
S 270 plg 2 rim 55.99 0.55 26.7 0.55 8.66 5.62 0.43 98.5 44.77 2.65 52.58
S 271 plg 2 rim 58.16 25.85 0.46 7.53 6.08 0.5 98.58 39.37 3.11 57.52
S 278 plg 3 rim 65.51 23.05 0.42 3.26 7.31 1.83 101.38 17.46 11.67 70.87
S 295 plg 4 rim 55.09 0.26 26.77 0.83 9.09 5.29 0.33 97.66 47.70 2.06 50.24
S 297 plg4 rim 59.96 25.2 0.45 6.5 6.3 0.55 98.96 35.03 3.53 61.44
S 298 plg 4 rim 57.8 0.56 26.73 0.74 8.46 5.94 0.32 100.55 43.19 1.94 54.87
S 304 plg 5 rim 61.35 0.29 26.2 0.51 6.63 7.05 0.52 102.55 33.14 3.09 63.77
C8 VL cores
Label SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O Total An% Or% Ab%
S 310 plg1 core 57.19 0.22 27.24 0.93 8.94 5.6 0.5 100.62 45.45 3.03 51.52
S 311 plg1 core 57.23 0.26 26.97 0.73 8.98 5.61 0.49 100.27 45.55 2.96 51.49
S 312 plg2 core 56.46 27.87 0.97 9.82 5.28 0.46 100.86 49.29 2.75 47.96
S 313 plg2 core 54.92 28.37 1.13 10.6 4.81 0.38 100.21 53.65 2.29 44.06
S 314 plg2 core 55.34 0.25 28.24 1.08 10.72 5.03 0.38 101.04 52.87 2.23 44.90
S 341 pla 3 core 56.05 27.38 0.85 9.32 5.62 0.39 99.61 46.71 2.33 50.97
S 348 plg 4 core 53.84 29.28 0.62 11.6 4.5 0.32 100.16 57.64 1.89 40.47
S 349 plg4 core 53.51 29.04 0.64 11.53 4.57 0.34 99.63 57.07 2.00 40.93
S 350 plg4 core 53.95 29.02 0.6 11.17 4.65 0.25 99.64 56.18 1.50 42.32
C8 VL rims
S 309 plg1 rim 61.19 0.19 23.97 0.45 5.78 6.77 1.2 99.55 29.70 7.34 62.96
S 315 plg2 rim 61.84 24.71 0.71 6.14 6.75 0.9 101.05 31.61 5.52 62.88
S 317 plg2 rim 58.08 23.94 1.06 8.52 6.01 0.64 98.25 42.27 3.78 53.95
S 318 plg2 rim 58.56 25.12 1.09 7.77 6.36 0.59 99.49 38.89 3.51 57.60
S 342 plg 3 rim 57.54 26.79 0.6 8.67 5.98 0.5 100.08 43.16 2.96 53.87







Label SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O Total Mg# Wo% En% Fs%
S 53 cpx 1 core 46.26 2.93 5.23 10.85 11.68 21.7 0.62 99.27 65.74131 46.75 35.01 18.24
S 54 cpx 1 core 47.55 2.51 4.38 10.68 12.06 21.52 0.59 99.29 66.80981 46.15 35.98 17.88
S 55 cpx 1 core 47.83 2.35 4.37 11.08 11.96 21.2 0.58 99.37 65.80239 45.60 35.79 18.60
S 56 cpx 1 core 47.83 2.15 4.35 10.65 12.04 21.72 98.74 66.83538 46.43 35.80 17.77
S 57 cpx 1 core 47.83 2.54 4.29 10.57 12.2 21.74 99.17 67.29351 46.29 36.14 17.57
S 65 cpx 2 core 48.57 2.04 3.92 10.8 12 21.8 0.57 99.7 66.45049 46.46 35.58 17.96
S 66 cpx 2 core 48.25 2.11 3.94 10.62 0.32 12.16 21.79 0.53 99.72 67.11712 46.37 36.00 17.64
S 67 cpx 2 core 47.37 2.43 4.64 11.3 11.58 21.19 0.58 99.09 64.62397 45.95 34.93 19.12
S 75 cpx 3 core 48.1 1.95 3.94 10.88 12.16 21.72 0.58 99.33 66.58112 46.09 35.90 18.02
S 76 cpx 3 core 48.14 2.06 4.17 10.91 12.01 21.76 0.57 99.62 66.24282 46.31 35.56 18.12
S 77 cpx 3 core 48.6 1.82 3.57 11.38 12.02 21.49 0.57 99.45 65.31215 45.63 35.51 18.86
S 81 cpx 4 core 48.6 2.13 3.96 10.92 12.21 21.75 0.55 100.12 66.59076 46.02 35.94 18.03
S 82 cpx 4 core 48.9 1.66 3.22 10.62 12.27 21.78 0.48 98.93 67.31556 46.20 36.21 17.58
S 83 cpx 4 core 48.92 1.76 3.48 10.75 12.25 21.98 99.14 67.01126 46.36 35.94 17.70
S 68 cpx 2 core 47.96 2.19 4.09 11.22 0.29 11.95 21.44 0.51 99.65 65.50038 45.79 35.51 18.70
G7 VL rims
S 58 cpx 1 rim 50.36 1.22 2.23 11.63 0.38 12.05 21.91 0.47 100.25 64.87504 45.88 35.11 19.01
S 59 cpx 1 rim 50.14 1.14 2.09 12.15 11.77 21.48 98.77 63.32765 45.38 34.59 20.03
S 60 cpx 1 rim 51.41 1.24 2.23 10.77 13.22 22.14 101.01 68.63351 45.24 37.58 17.18
S 61 cpx 1 rim 50.26 1.06 1.93 10.83 0.3 12.4 21.3 98.08 67.11632 45.32 36.70 17.98
S 62 cpx 1 rim 49.96 1.61 2.92 11.1 12.59 22.06 100.24 66.90811 45.73 36.31 17.96
S 63 cpx 1 rim 50.23 1.56 2.85 11.41 12.5 22.04 100.59 66.13492 45.60 35.98 18.42
S 64 cpx 1 rim 49.67 1.24 2.21 11.26 0.34 12.09 21.47 0.47 98.75 65.68293 45.60 35.73 18.67
S 69 cpx 2 rim 49.09 1.8 3.32 10.88 12.2 21.46 0.41 99.16 66.65415 45.73 36.17 18.10
S 70 cpx 2 rim 49.18 1.72 3.54 10.92 0.3 12.1 21.41 0.48 99.65 66.38913 45.78 35.99 18.22
S 71 cpx 2 rim 48.09 2.07 4.09 11.52 11.67 21.32 0.58 99.34 64.35971 45.80 34.88 19.32
S 72 cpx 2 rim 48.64 1.91 3.54 11.27 0.33 11.94 21.33 0.55 99.51 65.38089 45.64 35.54 18.82
S 73 cpx 2 rim 51.01 0.84 1.32 12.35 0.28 12.4 21.52 99.72 64.15538 44.45 35.64 19.91
S 74 cpx 2 rim 50.57 0.87 1.32 12.46 0.42 12.12 21.14 0.47 99.37 63.42302 44.29 35.33 20.38
S 78 cpx 3 rim 49.05 1.73 3.23 10.88 0.28 12.33 21.65 99.15 66.88932 45.78 36.27 17.96
S 79 cpx 3 rim 49.87 1.5 2.74 11.16 0.34 12.25 21.76 0.54 100.16 66.17862 45.80 35.87 18.33
S 80 cpx 3 rim 49.69 1.76 2.63 12.17 11.88 21.23 0.52 99.88 63.50531 44.93 34.97 20.10
S 84 cpx 4 rim 47.12 2.51 4.65 10.94 11.69 21.37 0.61 98.89 65.57434 46.28 35.22 18.49
S 85 cpx 4 rim 47.75 2.27 4.43 10.99 12.21 21.55 0.61 99.81 66.44846 45.74 36.05 18.21
S 86 cpx 4 rim 49.47 1.47 2.76 10.8 0.26 12.42 22 0.46 99.64 67.21303 46.11 36.22 17.67
S 87 cpx 4 rim 47.88 2.99 5.03 10.92 11.75 21.68 0.6 100.85 65.73104 46.57 35.12 18.31
C8 VL cores
Label SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O Total Mg# Wo% En% Fs%
S 326 cpx 1 core 49.76 1.22 3.67 7.89 15.02 20.07 97.63 77.23908 42.59 44.34 13.07
S 327 cpx 1 core 48.1 1.72 5.31 9.3 13.57 20.1 0.48 98.58 72.23044 43.47 40.83 15.70
S 328 cpx1 core 47.59 1.77 5.64 8.3 13.79 20.88 0.48 98.45 74.75829 44.86 41.22 13.92
S 334 cpx2 core 47.1 2.29 6.05 8.74 13.2 20.99 0.5 98.87 72.91631 45.46 39.77 14.77
S 339 cpx2 core 48.91 1.55 4.32 9.06 14.61 20.2 0.38 99.03 74.19084 42.44 42.70 14.86
S 343 cpx 3 core 46.34 2.53 6.81 8.35 12.9 21.23 0.47 98.63 73.36147 46.46 39.28 14.26
S 363 cpx 4 core 44.46 3.27 6.14 11.78 11.46 20.21 1.46 98.78 63.42594 44.57 35.16 20.28
S 364 cpx4 core 50.41 1.06 3.08 8.44 14.91 20.45 98.35 75.89852 42.80 43.41 13.79
S 373 cpx 5 core 49.98 1.11 3.09 8.36 15.46 20.22 98.22 76.72543 41.90 44.57 13.52
S 368 cpx 5 core 50.39 0.98 3.2 6.77 14.88 22.28 0.44 98.94 79.66669 46.16 42.89 10.95
C8 VL rims
S 330 cpx1 rim 44.81 2.93 6.93 11.79 11.46 19.27 0.87 98.06 63.40626 43.39 35.90 20.72
S 335 cpx2 rim 46.28 3 7.34 9.46 12.33 20.91 0.57 99.89 69.91045 46.01 37.74 16.25
S 336 cpx2 rim 45.29 3.45 7.7 9.28 11.79 20.76 0.84 99.11 69.36978 46.75 36.94 16.31
S 340 cpx 2 rim 45.06 2.88 7.4 10.06 11.15 20.65 0.82 98.02 66.39499 46.92 35.24 17.84
S 345 cpx3 rim 47.52 2.35 6.82 9.28 13.42 20.48 0.52 100.39 72.05032 44.14 40.24 15.61
S 346 cpx 3 rim 46.09 3.3 7.34 9.14 0.32 12.7 18.98 1.14 99.01 71.23891 43.35 40.36 16.29
S 365 cpx 4 rim 47.73 2.1 4.14 12.24 11.72 19.19 1.92 99.04 63.05697 42.60 36.19 21.21
S 367 cpx 4 rim 45.73 2.61 5.27 11.05 0.32 11.75 19.82 1.86 98.41 65.46398 44.25 36.50 19.26
S 369 cpx 5 rim 46.2 2.1 5.29 10.4 12 20.14 1.81 97.94 67.28657 44.80 37.14 18.06
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B13b Pyr. cores (UD2 unit)
Label SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O Total An% Or% Ab%
S 1411 plg 5 core 59.99 24.85 0.39 6.08 6.51 0.65 98.47 34.04 6.16 65.96
S 1480 plg 6 core 60.05 24.86 0.36 6.77 6.84 0.68 99.56 35.36 6.14 64.64
B13b Pyr. rims (UD2 unit)
S 1399 plg 1 rim 62.21 23.59 0.21 5.06 7.62 0.72 99.41 26.84 5.85 73.16
S 1402 plg 3 rim 59.89 25.18 0.3 6.81 6.96 0.62 99.76 35.09 5.54 64.91
S 1403 plg 3rim 64.51 19.55 1.14 4.04 10.05 99.29 13.49 62.07 86.51
S 1404 plg 3 rim 60.31 0.23 24.54 6.52 7.17 0.45 99.22 33.44 3.96 66.56
S 1449 sanidine rim 64.87 19.13 0.2 0.74 3.95 10.11 99 9.38 62.74 90.62
S 1481 plg 6 rim 63.59 22.74 4.12 6.17 4.13 100.75 26.95 30.57 73.05
S 1482 plg 6 rim 60.6 24.86 0.32 6.49 7.31 0.39 99.97 32.91 3.39 67.09
E3 Pyr. cores (LD unit)
S 1292 plg 1 core 66.57 19.73 1.11 6.49 6.04 99.94 8.64 37.97 91.36
S 1308 plg 3 core 65.81 21.06 2.12 7.78 3.76 100.53 13.09 24.12 86.91
S 1299 plg 2 core 56.99 26.88 0.23 8.59 6.15 0.35 99.19 43.56 3.61 56.44
S 1300 plg 2 core 56.47 27.43 8.89 5.91 98.7 45.39 0.00 54.61
S 1336 plg 8 core 67.23 19.06 0.47 5.97 7.49 100.22 4.17 45.21 95.83
S 1347 plg 10 core 67.08 18.99 5.19 8.87 100.13 0.00 52.92 100.00
S 1366 sanidine 1 core 66.82 19.04 0.45 5.56 8.07 99.94 4.28 48.84 95.72
S 1368 sanidine 2 core 66.81 19.13 5.49 8.58 100.01 0.00 50.69 100.00
E3 Pyr. rims (LD unit)
S 1294 plg 1 rim 65.25 20.23 1.65 7.03 5.03 99.19 11.48 32.00 88.52
S 1311 plg 3 rim 65.78 20.96 0.25 1.89 7.42 4.41 100.71 12.34 28.11 87.66
S 1318 plg 5 rim 66.45 18.83 0.43 5.04 8.73 99.48 4.50 53.26 95.50
S1323 plg 6 rim 67.13 19.12 5.11 9.16 100.52 0.00 54.11 100.00
S1324 plg 6 rim 67.18 19.14 4.96 9.43 100.71 0.00 55.57 100.00
S 1326 plg 7 rim 66.43 19.82 1.21 6.66 5.86 99.98 9.12 36.66 90.88
S 1337 plg 8 rim 65.9 19.97 1.55 6.65 5.38 99.45 11.41 34.73 88.59
S 1348 plg 10 rim 66.59 18.98 5.5 8.41 99.48 0.00 50.15 100.00
S 1367 sanidine 1 rim 66.4 19.01 0.49 5.62 7.67 99.19 4.60 47.31 95.40
S 1369 sanidine 2 rim 67.11 19.47 5.5 8.46 100.54 0.00 50.29 100.00
SEM-EDS analysis of pyroclastic rocks (Pyr.). Plagioclase major elements:
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B13b Pyr. cores (UD2 unit)
Label SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O Total Mg# Wo% En% Fs%
S 1424 cpx 1 core 46.89 1.97 8.41 8.61 12.46 20.15 98.95 72.06 45.58 39.21 15.20
S 1456 cpx 7 core 47 1.83 8.34 9.2 12.31 20.13 0.33 99.72 70.46 49.80 36.42 13.77
S 1427 cpx 4 core 46 2.08 8.83 9.11 12.13 20.3 99.01 70.36 45.84 38.11 16.06
S 1457 cpx 7 core 46.67 2.37 6.52 8.96 12.57 22.08 99.5 71.44 47.42 37.56 15.02
B13b Pyr. rims (UD2 unit)
S 1464 cpx 8 rim 45.7 2.26 8.46 7.54 12.26 21.72 0.44 99.31 74.35 48.63 38.19 13.18
S 1426 cpx 3 rim 45.61 2.19 8.87 8.46 12.26 21.18 98.96 72.09 47.24 38.04 14.73
S 1428 cpx 4 rim 43.19 3.79 10.68 9.14 10.86 21.67 99.33 67.93 49.35 34.41 16.25
S 1471 cpx 9 rim 46.99 1.68 9.15 7.62 12.48 19.75 1.04 99.17 74.49 45.87 40.32 13.81
E3 Pyr. cores (LD unit)
S 1378 cpx 3 core 49.75 1.1 9.56 6.63 14.44 17.8 1.36 100.64 79.52 41.33 46.65 12.02
S 1382 cpx 3 core 48.87 1.05 9.37 6.27 14.39 17.7 1.55 99.2 80.36 41.54 46.98 11.48
S 1421 cpx 2 core 47.14 1.49 9.08 8.94 13.03 19.1 0.39 99.17 72.21 43.21 41.01 15.78
S 1425 cpx 3 core 48.88 1.04 6.24 10.77 0.58 14.78 16.46 98.75 70.98 36.23 45.26 18.50
E3 Pyr. rims (LD unit)
S 1381 cpx 3 rim 48.77 1.13 9.47 6.83 14.22 17.56 1.35 99.33 78.77 41.15 46.36 12.49
S 1420 cpx 1 rim 47.41 1.75 7.93 9.06 12.91 19.33 98.39 71.75 43.57 40.49 15.94
S 1463 cpx 8 rim 47.4 1.63 7.22 7 13.14 21.82 0.45 98.66 76.99 47.89 40.12 11.99
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Spot E3vl-05.d E3vl-09.d \A6-01.d cpx1\A6-03.d cpx2\A6-06.d cpx3\A6-07.d cpx4\A6-08.d cpx5 \C8-01.d cpx1 \C8-03.d cpx2\C8-06.d cpx4 \C8-07.d cpx5 b\C205.d cpx3 badb\C207.d cpx4 bad b\G704.d cpxb\G707.d cpx2b\G711.d cpx4b\G713.d cpx5
Trace elements (ppm)
Li 6.44 8.28 0.75 0.60 0.80 1.04 0.98 16.27 19.39 20.08 16.28 5.84 5.18 3.90 3.89 1.10 2.84
Be 0.63 1.97 2.77 2.45 3.04 3.57 2.97 1.23 1.17 1.20 1.41 3.52 2.63 18.40 7.14 14.44 7.60
Sc 18.25 14.29 34.00 30.10 30.98 38.98 28.22 11.97 10.41 9.73 9.51 50.76 46.67 24.68 10.30 12.93 9.92
V 135.02 134.96 278.25 234.53 265.85 318.41 254.91 45.41 37.82 40.14 40.11 461.98 471.95 406.25 74.23 103.12 65.99
Cr 351.72 299.76 248.72 296.59 249.74 367.44 229.84 507.19 432.64 501.48 463.89 734.17 1374.84 3.23 0.83 0.72 0.98
Mn 183.78 408.93 369.95 296.65 390.61 441.74 377.37 1406.18 1740.89 1381.66 1022.12 113.98 126.02 200.09 103.62 62.30 83.30
Co 35.02 61.47 13.43 17.33 16.44 22.22 14.52 134.98 169.54 134.31 79.85 19.63 24.38 17.05 5.91 8.73 5.43
Ni 190.39 216.62 136.47 103.07 140.35 225.37 106.75 893.25 1166.10 1072.21 579.55 155.01 180.65 122.16 35.78 41.47 41.55
Cu 415.17 638.23 125.29 124.67 112.24 176.43 112.69 91.84 91.54 81.67 80.05 1011.51 444.21 618.81 150.22 196.51 113.47
Zn 172.66 324.81 42.74 32.34 40.92 53.48 38.70 221.14 295.56 204.75 137.38 95.53 91.28 104.96 42.32 46.60 31.84
Ga 21.83 28.49 6.06 7.96 6.67 7.86 7.12 10.34 14.45 14.65 13.72 47.77 44.08 15.39 11.48 13.91 8.12
Ge 1.90 1.71 0.28 bdl 0.50 0.72 0.74 2.65 3.88 3.95 3.21 1.52 1.28 1.93 1.83 1.24 1.41
As 256.65 1.16 21.48 17.97 22.75 25.87 26.10 1.45 3.05 1.21 0.78 2.08 2.46 49.15 21.79 30.34 19.30
Rb 14.45 9.36 8.08 7.43 7.64 10.18 6.26 2.79 3.06 4.11 2.48 13.42 15.09 22.67 15.35 16.79 12.59
Sr 86.57 128.36 264.76 264.40 324.73 268.29 338.42 20.82 16.77 13.77 16.75 41.46 60.24 133.64 325.67 211.07 210.93
Y 7.13 5.98 5.25 4.20 4.87 6.42 4.71 1.17 1.18 2.83 1.44 1.50 2.69 64.86 69.66 49.81 32.90
Zr 73.34 29.38 217.56 195.92 199.01 243.46 178.71 22.45 30.84 25.31 21.88 166.79 227.82 940.39 664.05 526.21 691.66
Nb 4.85 5.69 10.32 9.07 10.10 12.32 9.58 2.40 2.62 2.63 3.15 4.61 13.59 153.36 139.89 107.25 109.67
Cs 0.18 0.19 0.18 0.18 0.21 0.29 0.20 0.07 0.10 0.10 0.07 0.70 0.59 2.23 0.67 1.21 0.80
Ba 68.70 50.41 110.20 122.48 88.18 113.27 73.48 21.81 23.84 23.05 21.78 47.35 64.88 72.73 288.23 119.62 101.56
La 8.75 9.39 1.92 1.76 2.37 2.25 2.07 0.83 1.01 2.79 1.51 1.40 3.05 33.65 103.63 49.20 46.25
Ce 15.21 20.32 3.85 3.39 4.83 4.52 4.32 2.59 4.00 3.85 3.96 1.88 3.92 56.24 209.36 92.68 105.71
Pr 1.85 1.69 0.48 0.45 0.57 0.57 0.51 0.14 0.18 0.40 0.36 0.20 0.51 7.14 24.65 10.98 10.59
Nd 7.36 6.85 2.25 1.94 2.67 2.75 2.47 0.66 0.85 2.08 1.49 0.86 1.85 29.47 104.87 47.91 44.33
Sm 1.64 1.37 0.76 0.58 0.83 0.72 0.71 0.15 0.21 0.43 0.33 0.15 0.48 7.48 22.08 10.55 10.07
Eu 0.50 0.44 0.20 0.17 0.19 0.21 0.20 0.05 0.08 0.13 0.12 0.07 0.12 1.47 4.55 1.89 1.77
Gd 1.79 1.41 0.92 0.80 0.90 1.14 0.86 0.22 0.23 0.46 0.29 0.24 0.49 10.03 21.62 11.37 9.77
Tb 0.24 0.20 0.17 0.15 0.17 0.20 0.16 0.03 0.03 0.07 0.05 0.04 0.08 1.68 2.74 1.76 1.52
Dy 1.42 1.20 1.26 1.04 1.18 1.51 1.12 0.21 0.25 0.52 0.30 0.26 0.64 12.19 15.19 10.87 8.49
Ho 0.28 0.24 0.25 0.19 0.25 0.31 0.23 0.04 0.05 0.08 0.07 0.05 0.11 2.60 2.70 2.15 1.53
Er 0.71 0.64 0.73 0.61 0.74 0.93 0.75 0.12 0.15 0.24 0.18 0.17 0.35 7.97 6.89 6.02 3.98
Tm 0.14 0.09 0.11 0.08 0.11 0.14 0.10 0.02 0.02 0.04 0.02 0.03 0.05 1.18 0.82 0.82 0.53
Yb 0.60 0.52 0.80 0.59 0.70 1.00 0.68 0.14 0.16 0.25 0.15 0.18 0.34 8.37 4.66 5.68 3.42
Lu 0.09 0.08 0.12 0.09 0.11 0.13 0.11 0.03 0.03 0.04 0.03 0.03 0.06 1.27 0.67 0.87 0.54
Hf 1.81 0.77 5.99 6.35 6.85 6.87 5.91 0.45 0.60 0.69 0.41 8.53 10.18 19.75 16.45 12.41 17.41
Ta 0.32 0.31 0.12 0.16 0.18 0.08 0.23 0.10 0.11 0.14 0.11 0.84 1.06 1.42 0.98 1.20 1.64
Pb 6.60 7.98 2.10 2.25 3.57 2.76 3.72 1.69 1.44 2.32 1.34 2.23 6.13 20.85 15.65 20.93 13.84
Th 1.32 1.16 0.26 0.23 0.39 0.45 0.36 0.50 0.63 1.07 0.53 0.24 0.71 4.07 4.88 4.91 7.74
U 0.76 0.35 0.06 0.04 0.04 0.10 0.04 0.13 0.16 0.18 0.18 0.06 0.11 1.73 0.93 1.38 0.62
Mo 0.20 0.23 2.61 1.97 1.86 3.50 1.47 0.22 0.32 5.37 0.23 6.89 10.78 3.18 1.22 2.74 1.80
Sn 2.80 3.33 0.13 0.21 0.16 0.15 0.25 1.06 1.27 4.93 0.93 2.21 2.13 0.68 0.90 0.76 1.40
W 0.24 0.30 0.42 0.31 0.39 0.50 0.38 0.56 0.43 0.77 0.49 0.38 0.70 16.44 7.78 22.08 8.14
Calculated
K 2458.0 3225.6 1600.9 1555.0 1767.1 1798.1 1807.4 609.2 544.4 601.4 503.1 1437.1 1780.2 2660.3 3050.7 2593.8 1966.1
P 348.3 286.5 856.8 701.4 833.0 1016.1 846.7 69.2 71.9 76.3 55.3 80.2 114.2 2107.6 7785.1 3662.9 2025.2
Ti 2318.2 1969.2 2959.1 2968.5 3979.1 3246.1 3486.1 562.6 605.7 612.3 749.3 4171.0 7594.1 4015.6 4123.2 3184.4 4116.9
G7 VL
Appendix B - Geochemical database of chapter 6
LA-ICP-MS analysis of vesicular lavas (VL). Clinopyroxene trace and rare earth elements (REEs):
E3 VL A6 VL C8 VL C2 VL






Spot yro-04.d yro-06.d yro-11.d yro-12.d 17AL.d \G19AL.d \24AL.d 13b-10.d 13b-01.d 13b-06.d 13b-11.d 13b-02.d yke-02.d yke-04.d yke-05.d yke-06.d 
Li 1.889963 1.833752 1.878095 2.518181 5.184995 8.363316 22.74663 32.36094 68.84273 55.54803 79.60854 33.76869 24.89732 21.77214 15.91585 bdl
Be 0.710635 1.078528 1.217607 1.13238 0.218313 bdl 2.013716 0.662943 0.235011 0.197197 0.163975 2.052346 1.986273 10.26939 4.84661 6.090585
Sc 67.87279 63.74159 81.62509 49.41371 2.572521 2.370059 9.350892 47.87312 51.42668 49.19468 57.16014 31.45572 30.25026 59.05597 27.98041 58.57181
V 156.1487 261.1188 261.4848 256.0822 25.16799 57.5407 99.24455 300.1292 369.5309 363.5478 337.4258 286.4636 401.9934 203.8887 240.7552 113.056
Cr 396.9797 304.3516 361.0606 221.5217 14.44764 17.96963 74.69294 2244.934 1133.217 1404.254 10.20807 253.5991 64.34148 156.9263 278.629 301.4545
Mn 28.42677 39.5646 33.95341 23.06927 31.95848 15.13859 118.1536 1283.432 1162.142 1147.202 1050.593 893.7765 578.2401 57.68355 346.4678 573.5695
Co 28.09724 33.68213 34.36006 29.38959 3.823471 2.681598 11.08787 45.95999 37.24026 40.30027 37.40043 44.18171 20.99647 16.21539 31.8689 21.31463
Ni 290.2748 239.4892 309.9551 174.9915 21.90313 160.6905 24.66806 252.4567 172.9163 243.4011 164.9426 213.9376 184.5589 93.94179 108.9973 981.1939
Cu 76.16786 64.1471 109.4581 68.81706 16.11258 47.57312 28.13181 16.54733 2.406248 2.516541 42.95472 72.07144 131.1859 145.1361 508.2901 454.1002
Zn 66.29878 111.9394 83.5585 88.53827 62.08384 32.70403 81.76283 61.64814 23.2856 27.80355 67.20326 320.422 103.4895 177.665 289.6227 287.2731
Ga 9.370324 19.51527 11.61249 27.46115 6.456358 9.422333 16.90237 9.81684 8.26671 8.806509 9.589666 25.18245 53.8291 26.57081 25.89569 17.17728
Ge 1.127922 1.031575 1.163874 1.471616 bdl bdl 1.591203 1.992776 1.762976 1.94939 1.749356 1.735514 bdl 9.205373 9.111993 33.86112
As 1.130246 1.14742 3.418345 0.879997 5.378317 4.963554 11.80465 0.217591 bdl 0.14366 0.072604 0.775118 7.841574 97.9388 20.39926 32.33245
Rb 1.926698 1.89997 1.948602 2.383737 26.92635 8.565039 107.2197 3.140047 0.148404 0.123058 0.289879 10.50988 82.05397 91.66645 47.70678 43.19917
Sr 85.74635 96.63022 93.06674 82.05726 5.257205 6.769706 45.69969 72.3482 71.2999 69.16978 69.32401 622.2306 1002.627 145.5622 4003.74 1983.831
Y 4.613033 7.808131 14.79483 4.582644 1.60026 0.831231 4.763009 12.94427 16.73592 14.22898 14.2967 30.16481 22.07339 31.03356 39.37174 28.86098
Zr 61.16744 97.30373 142.6408 63.18284 5.572428 5.618879 25.34158 45.30384 40.96026 30.90887 32.23918 128.1165 597.4151 92.31322 292.1836 191.4644
Nb 2.363827 6.640613 6.229927 2.627206 2.531876 1.703422 9.957361 2.42452 0.818568 0.796266 0.453445 85.058 178.8444 40.25685 126.3733 131.4873
Cs 0.252626 0.148314 0.213283 0.264819 1.076813 1.605018 6.076854 0.222682 0.028128 0.02589 0.046627 1.089945 1.628639 1.527145 4.096327 3.246432
Ba 15.11948 36.4363 38.33722 22.22943 56.96422 56.13811 428.4872 4.107288 0.285239 0.355536 0.375909 305.7714 925.1646 351.1786 5088.162 1174.776
La 4.779324 14.9969 21.88688 6.656939 1.918561 1.577812 9.574155 6.383968 3.507428 2.849087 2.642462 49.80082 28.40621 48.33679 66.68095 39.37005
Ce 1.013936 5.221354 5.086118 1.379661 5.604263 14.32951 18.22526 16.51443 9.764511 8.906835 8.481145 99.04111 67.34229 104.3869 145.8632 162.2262
Pr 0.678788 2.15401 3.032295 0.899568 0.723918 1.012185 3.253339 2.325623 1.594626 1.475928 1.522241 11.32758 8.100493 12.4672 14.56001 10.03242
Nd 2.82668 8.515616 12.9113 3.792883 3.008829 4.6233 9.454592 10.72348 8.898193 8.080987 8.865329 45.68782 40.88269 52.24252 41.68912 57.44731
Sm 0.661943 1.806654 2.840855 0.880083 0.506483 1.259123 1.801559 3.009211 3.062954 2.676546 2.762823 8.985175 7.22938 10.82786 9.702147 8.933623
Eu 0.21377 0.527686 0.897904 0.261325 0.130009 0.273668 0.506916 0.838483 1.088272 0.900074 0.959267 2.261562 2.382495 2.337842 2.695836 4.285752
Gd 0.839393 2.233129 3.3611 0.950176 0.400262 0.514208 1.517348 3.177339 3.816253 3.18584 3.283682 8.722422 9.190207 7.813988 8.371648 6.068598
Tb 0.122349 0.278732 0.519938 0.163721 0.053501 0.116972 0.171594 0.469764 0.589001 0.473449 0.502194 1.14765 1.128445 0.985124 0.877928 0.972561
Dy 0.824728 1.944041 3.38663 1.012449 0.422321 0.136097 0.976304 2.890295 3.62187 3.008255 3.143708 6.892264 7.745634 6.338375 9.44738 8.626586
Ho 0.175604 0.368997 0.701721 0.195986 0.066992 0.078756 0.17307 0.525163 0.675337 0.563847 0.58597 1.179375 1.726484 1.263898 1.420745 1.607576
Er 0.566168 1.028927 1.94732 0.567694 0.191441 0.294267 0.543945 1.336815 1.746974 1.482612 1.569471 3.166198 3.227778 3.919455 3.322662 4.558402
Tm 0.070885 0.127501 0.250405 0.078397 0.030049 0.056719 0.058836 0.169061 0.222177 0.185929 0.194129 0.374044 0.54383 0.624775 0.613048 0.226199
Yb 0.511927 0.774891 1.591786 0.4439 0.206619 0.193806 0.447808 1.160628 1.286244 1.201526 1.200779 2.539106 2.835821 4.618084 3.852321 2.502036
Lu 0.069772 0.099219 0.225014 0.06436 0.028583 0.051965 0.065913 0.153676 0.179779 0.158564 0.15367 0.319927 0.424857 0.614459 0.551108 0.52767
Hf 2.296188 3.558455 4.993943 3.184676 0.144432 0.18577 0.652407 1.58312 1.836384 1.35462 1.666995 4.177747 13.55569 2.764672 8.076403 4.090583
Ta 0.103223 0.322218 0.211899 0.105594 0.139246 0.491341 0.500538 0.273133 0.128311 0.0986 0.089062 5.460568 13.87311 1.897055 7.749349 6.062428
Pb 0.261481 0.465383 0.444254 0.270863 3.732491 3.899405 4.537245 1.071628 0.114025 0.132238 3.147892 7.232659 33.15653 5.641692 35.79522 49.9295
Th 0.113543 0.543845 0.39607 0.352588 1.06104 1.50724 3.738071 0.673581 0.168116 0.101836 0.05544 4.540008 29.2379 26.48331 17.24312 9.641076
U 0.015222 0.097349 0.035408 0.019806 2.04108 1.863108 3.228607 0.163081 0.035307 0.021031 0.019229 0.76858 6.541793 8.555938 4.471545 2.623337
Mo 0.102692 0.119491 0.116454 0.034602 1.189023 0.728457 3.933336 0.165523 0.099642 0.062725 0.257642 0.48841 15.74849 11.05452 10.58333 19.42347
Sn 0.333346 0.369865 0.310858 0.534223 1.303024 1.886973 2.15923 0.718731 0.697788 0.527377 0.769611 1.451407 11.17798 1.279594 16.48375 22.08412
W 0.076169 0.139755 0.207023 0.070705 0.41726 0.671423 1.808002 0.034862 0.009945 0.005607 0.011435 0.846148 5.619663 2.273487 7.741826 5.139704
Calculated
K 343.8451 182.209 400.3536 409.3635 2023.221 1704.149 10041.34 132.7327 14.95669 21.05653 38.43929 1964.362 18429.28 13735.86 6373.205 8815.781
P 26.38386 \ 86.09484 19.08369 62.24874 57.39599 215.4827 48.22966 36.66291 19.47232 14.41779 1909.011 918.3655 10390.98 5576.803 2846.292
Ti 1814.967 4557.116 5196.649 2204.239 656.1545 891.9501 2911.367 6396.103 8657.353 6917.763 6616.728 20793.92 15347.23 5639.986 21751.32 10985.65
(a.l.) (a.l.) (a.l.) (d.) (d.) (d.) (d.) (G7)
d.: similar to the trace elements detected for the Dolerite samples
G7: similar to the trace elements detected for G7 vesicular sample
G15 Pyr. (LD unit) B13b Pyr. (UD2 unit) Dyke Pyr. (UD1 unit)
Appendix B - Geochemical database fo chapter 6
a.l.: accretionary lapilli
LA-ICP-MS analysis of pyroclastic rocks (Pyr.). Clinopyroxene trace and rare earth elements (REEs):
E3 Pyr. (LD unit)
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Appendix C – Paleomagnetic results 
All paleomagnetic results of A2 samples. In red are underlined data which were not discussed in chapter 7. These 
A2 sample (A2 2nd II; A2 3rd III and A2 3rd II) results were strongly affected by the alteration so they were not 
considered trustable. Such different values are variable and different from all other data. (PCA: Principal 
component analysis; Dec: Declination; Inc.: Inclination; MAD: maximum angular deviation; Int.: Intensity; m.s.: 
magnetic susceptibility)  
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All paleomagnetic results of E3 samples. (PCA: Principal component analysis; Dec: Declination; Inc.: 
Inclination; MAD: maximum angular deviation; Int.: Intensity, m.s.: magnetic susceptibility)  
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Label SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O Total An% Or% Ab%
S 3014 plg 1 core 54.17 28.72 0.44 10.97 4.91 0.19 99.41 54.63 1.13 44.25
S 3012 plg 1 core 55.16 29.26 0.4 11.23 4.9 0.17 101.1 55.32 1.00 43.68
S 3047 plg 1 core 55.73 27.77 0.47 9.99 5.14 0.36 99.46 50.66 2.17 47.17
S 3064 plg 2 core 55.16 29.13 0.31 11.27 4.74 0.29 100.91 55.81 1.71 42.48
S 3074 plg3 core 60.5 24.13 0.26 5.63 7.24 0.91 98.66 28.41 5.47 66.12
S 3151 plg 5 core 54.14 28.31 0.4 11.07 4.71 0.3 98.93 55.49 1.79 42.72
S 3157 plg 6 core 55.45 27.75 0.4 10.16 5.14 0.35 99.25 51.11 2.10 46.79
S 3162 plg 7 core 54.01 28.71 0.35 11.27 4.58 0.31 99.25 56.56 1.85 41.59
D5 SV rims
S 3010 plg 1 rim 65.8 22.11 0.35 2.64 8.19 2.36 13.02 13.86 73.12
S 3017 alk feld rim 65.52 20.42 0.21 1.4 7.6 4.08 99.23 7.00 24.27 68.73
S 3020 alk feld rim 66.85 19.71 0.42 0.53 6.44 6.6 100.54 2.64 39.20 58.15
S 3048 plg 1 rim 55.84 27.88 0.47 10.11 5.3 0.29 99.89 50.43 1.72 47.84
S 3063 plg 2 rim 58.02 27.13 0.35 8.96 5.97 0.42 100.86 44.22 2.47 53.31
S 3066 alk feld rim 66.81 19.41 0.27 5.99 7.32 99.79 0.00 44.56 55.44
S 3075 plg 3 rim 63.61 22.4 0.29 3.35 7.81 2.09 99.54 16.77 12.46 70.77
S 3156 plg 5 rim 54.3 29.32 0.44 11.47 4.58 0.28 100.38 57.09 1.66 41.25
S 3158 plg 6 rim 56.56 27.97 0.41 9.95 5.41 0.38 100.69 49.28 2.24 48.48
S 3166 plg 7 rim 55.45 28.24 0.4 10.45 5 0.29 99.83 52.66 1.74 45.60
S 3168 plg 7 rim 56.48 27.93 0.45 9.98 5.3 0.32 100.46 50.02 1.91 48.07
SV J20 cores
S 975 plg 1 core 55.37 28.84 0.32 10.38 5.52 100.76 50.96 0.00 49.04
S 971 plg 2 core 54.38 28.02 0.49 10.41 5.28 99.05 52.14 0.00 47.86
S 986 plg 3 core 56.41 27.1 0.3 9.09 5.97 0.2 99.54 45.15 1.18 53.66
S 991 plg 4 core 60.16 24.99 0.31 6.43 7.41 0.51 100.3 31.45 2.97 65.58
S 1028 plg 5 core 56.8 26.67 0.38 8.87 6.07 0.35 99.15 43.76 2.06 54.19
S 1053 plg 6 core 57.71 26.59 0.37 8.44 6.44 0.35 100.52 41.15 2.03 56.82
SV J20 rims
S 977 plg 1 rim 55.63 28.37 0.36 10.54 5.42 100.79 51.80 0.00 48.20
S 969 plg 1 rim 56.13 28.68 10.63 5.23 0.22 100.89 52.22 1.29 46.49
S 995 plg 3 rim 58.92 25.94 0.3 7.62 6.82 0.47 100.07 37.13 2.73 60.14
S 992 plg 4 edge 59.74 25.2 0.3 6.46 7.35 0.48 99.52 31.77 2.81 65.42
S 1054 plg 6 rim 59.61 26.21 0.34 7.67 7.02 100.84 37.65 0.00 62.35
S 1084 plg 7 rim 66.75 19.19 6.44 7.47 99.84 0.00 43.28 56.72
S 1085 plg 7 rim 65.95 18.73 0.38 5.97 7.91 98.95 0.00 46.57 53.43
C7 SV cores
S 2539 alk feld  core 62.16 23.81 4.95 7.48 1.24 99.64 24.80 7.39 67.81
S 2540 alk feld rim 63.94 0.22 22.58 0.25 3.44 7.56 1.95 99.92 17.69 11.94 70.37
S 2559 alk feld core 57.02 27.14 0.34 9.11 5.7 0.46 99.77 45.61 2.74 51.65
S 2617  alk feld core 63.01 0.21 23.2 0.24 4.24 7.79 1.38 100.07 21.22 8.22 70.56
C7 SV rims
S 2564 plg 2 rim 57.49 27.62 0.35 9.09 5.95 0.42 100.93 44.65 2.46 52.89
S 2567 alk feld rim 66.01 18.42 0.82 4.55 9.78 99.59 0.00 58.57 41.43
S 2584 alk feld rim 63.25 23.72 0.31 4.34 7.69 1.31 100.62 21.90 7.87 70.23
S 2585 alk feld rim 64.57 22.1 0.22 2.84 7.81 2.45 100.5 14.28 14.66 71.06
S 2601 alk feld rim 64.57 0.22 21.32 98.99 2.27 7.73 2.87 11.54 17.36 71.10
S 2602 alk feld rim 58.3 25.92 0.35 7.69 6.43 0.64 99.33 38.28 3.79 57.93
S 2616 alk feld rim 66.5 0.22 19.99 0.4 0.81 7.08 5.4 101.16 4.04 32.06 63.90
S 2620 alk feld rim 67.62 19.84 0.31 0.55 6.58 6.6 101.49 2.71 38.68 58.62
S 2626 alk feld rim 66.84 19.69 99.88 0.61 6.97 5.77 3.04 34.19 62.78
S 2625 plg 3 rim 57.59 26.71 0.22 8.64 6.11 0.54 99.81 42.48 3.16 54.36
C6 SV cores
S 2433 plg 1 core 54.56 29.39 0.46 11.51 4.71 0.26 100.88 56.58 1.52 41.90
S 2442 plg 1 core 54.78 28.1 0.51 10.46 4.93 0.35 99.14 52.83 2.10 45.06
S 2476 plg 2 core 54.76 29.11 0.42 11.38 4.68 0.31 100.67 56.29 1.83 41.89
S 2485 plg 2 core 55.43 28.28 0.53 10.56 4.88 0.3 99.98 53.47 1.81 44.72
C6 SV rims
S 2427 plg 1 rim 53.01 29.12 0.63 11.68 4.29 0.29 99.02 59.02 1.74 39.23
S 2429 plg 1 rim 53.18 29.11 0.5 11.64 4.43 0.26 99.12 58.30 1.55 40.15
S 2478 plg 2 rim 55.62 28.36 0.44 10.46 5.2 0.32 100.41 51.65 1.88 46.47
S 2479 plg 2 rim 53.58 28.8 0.39 11.25 4.61 0.28 99.29 56.46 1.67 41.87
S 2480 alk feld rim 65.89 20.95 0.32 1.84 7.56 3.59 100.15 9.30 21.59 69.11
S 2487 plg 2 rim 55.69 0.23 28.61 0.44 10.76 5.02 0.3 101.05 53.26 1.77 44.97
S 2488 plg 2 rim 54.18 28.69 0.56 11.02 4.68 0.24 99.37 55.73 1.44 42.83
S 2507 plg 3 rim 55.24 28.12 0.52 10.36 5.03 0.36 100.4 52.08 2.15 45.76
S 2509 plg3 rim 55.83 28.88 0.43 10.89 5.03 0.31 101.52 53.48 1.81 44.70
S 2511 plg 3 rim 54.8 28.96 0.39 11.36 4.65 0.33 100.49 56.33 1.95 41.72
JJ4 SV cores
S 3662 plg1 core 55.61 28.55 0.47 10.71 5.12 0.22 100.67 52.92 1.29 45.78
S 3685 plg 2 core 57.07 27.76 0.37 9.62 5.74 0.28 100.84 47.29 1.64 51.07
S 3699 plg 3 core 55.06 28.73 0.39 10.97 4.89 0.25 100.3 54.53 1.48 43.99
S 3720 plg 4 core 55.63 28.73 0.32 10.62 5.12 0.25 100.67 52.62 1.47 45.91
S 3729 plg 5 core 55.48 28.81 0.38 10.85 5.09 0.26 100.86 53.26 1.52 45.22
S 3730 plg 6 core 56.26 27.92 0.49 10.17 5.3 0.34 100.48 50.43 2.01 47.56
JJ4 SV rims
S 3654 plg1 rim 64.24 21.68 0.38 2.62 8.22 2.01 99.15 13.17 12.03 74.79
S 3689 plg2 rim 55.19 28.41 0.43 10.69 5.01 0.28 100.01 53.21 1.66 45.13
S 3705 plg3 rim 55.04 28.63 0.39 10.65 4.9 0.28 99.89 53.65 1.68 44.67
S 3712 plg 4 rim 54.9 28.44 0.33 10.9 4.83 0.26 99.66 54.64 1.55 43.81
S 3742 plg 5 rim 55.32 28.42 0.45 10.6 5.14 0.33 100.27 52.23 1.94 45.83
S 3744 plg5 rim 66.23 20.2 1.29 7.7 3.93 99.35 6.48 23.51 70.01
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S 2835 plg 1 core 54.46 28.52 0.32 11.18 4.69 0.31 99.48 55.80 1.84 42.36
S 2867 plg 2 core 54.8 28.12 0.33 10.67 4.97 0.3 99.3
S 2893 plg 3 core 55.5 27.68 0.35 10.08 5.32 0.4 99.31 49.94 2.36 47.70
S 2917 alk feld core 66.84 20.24 0.2 1.14 7.15 5.14 100.71 5.64 30.29 64.06
S 2918 alk feld core 66.42 20.86 1.65 7.64 4.01 100.58 8.15 23.57 68.28
S 2921 alk feld core 64.73 20.69 1.18 1.13 1.62 7.57 3.76 100.68 8.18 22.61 69.20
S 2943 alk feld core 65.58 20.01 1.18 7.09 4.97 98.83 5.92 29.69 64.39
S 2950 plg 4 core 55.52 27.7 0.44 9.94 5.29 0.45 99.35 49.58 2.67 47.75
S 2977 plg 5 core 54.96 28.86 0.35 11.25 4.78 0.28 100.48 55.60 1.65 42.75
S 2992 plg 6 core 54.55 28.19 0.44 10.62 4.89 0.47 99.16 53.02 2.79 44.18
S 2836 plg 1 rim 58.54 26.88 0.49 8.3 6.44 0.33 100.99 40.79 1.93 57.28
J16 SV rims
S 2891 plg 3 rim 58.87 25.88 0.43 7.44 6.55 0.61 99.78 37.16 3.63 59.21
S 2926 alk feld rim 65.45 20.9 1.65 7.44 3.94 99.38 8.33 23.68 67.98
S 2930 alk feld rim 66.27 20.22 0.93 1.13 7.04 5.17 100.75 5.64 30.73 63.62
S 2933 alk feld rim 66.21 21.52 0.22 1.96 7.91 3.45 101.26 9.62 20.15 70.23
S 2955 plg 4 rim 57.81 0.2 26.06 0.75 7.93 6.27 0.47 99.49 39.98 2.82 57.20
S 2978 plg 5 rim 56.66 26.73 0.45 8.95 5.79 0.47 99.04 44.78 2.80 52.42
S 2987 plg 6 rim 56 28.37 0.4 10.38 5.16 0.34 100.65 51.58 2.01 46.40
J13 SV cores
S 2695 plg 1 core 55.08 28.59 0.42 11.03 4.79 0.3 100.34 55.00 1.78 43.22
S 2699 plg 2 core 55 28.53 0.41 10.79 4.82 0.31 99.86 54.27 1.86 43.87
S 2699 plg 2 core 55 28.53 0.41 10.79 4.82 0.31 99.86 54.27 1.86 43.87
S 2700 plg 2 core 53.73 29.2 0.33 11.55 4.47 0.27 99.55 57.86 1.61 40.53
S 2710 alk feld core 64.36 21.83 0.32 2.82 7.77 2.44 99.55 14.25 14.68 71.07
S 2734 plg 3 core 54.83 28.64 0.39 11.23 4.74 0.31 100.14 55.66 1.83 42.51
S 2771 plg4 core 54.57 28.72 0.52 11.14 4.69 0.34 99.98 55.61 2.02 42.37
S 2778 plg 5 core 55.16 29.12 0.44 11.15 4.79 0.34 101.01 55.14 2.00 42.86
S 2780 plg 6 core 55.13 28.99 0.31 11.23 4.88 0.34 100.89 54.87 1.98 43.15
S 2790 plg 7 core 54.84 28.24 0.43 10.45 5.02 0.32 99.3 52.47 1.91 45.61
J13 SV rims
S 2696 plg 1 rim 57.79 26.15 0.3 8.07 6.21 0.55 99.06 40.43 3.28 56.29
S 2698 plg 2 rim 53.41 29.14 0.51 11.56 4.46 0.29 99.36 57.87 1.73 40.40
S 2732 plg 3 rim 54.05 29.71 0.5 11.93 4.44 0.27 100.9 58.81 1.58 39.61
S 2736 alk feld rim 64.56 22.69 100.54 3.41 8.07 1.81 16.91 10.68 72.41
S 2768 plg 4 rim 54.75 28.69 0.57 10.96 4.85 0.35 100.17 54.38 2.07 43.55
S 2779 plg 5 rim 57.58 26.51 0.34 8.64 5.99 0.52 99.57 42.99 3.08 53.93
S 2781 plg 6 rim 56.83 26.71 0.3 8.88 5.8 0.5 99.02 44.46 2.98 52.56
S 2785 plg 7 rim 59.59 26.16 0.3 7.78 6.42 0.7 100.96 38.46 4.12 57.43
F11 SV cores
S 1109 plg 1 core 55.86 28.83 0.31 10.54 5.27 100.82 52.50 0.00 47.50
S 1143 plg 3 core 64.76 21.12 2.1 8.23 3.07 99.28 10.17 17.70 72.13
S 1148 plg 4 core 54.69 28.48 10.47 5.21 99.34 52.62 0.00 47.38
S 1166 plg 5 core 53.08 29.89 12.08 4.43 99.49 60.11 0.00 39.89
S 1180 plg 6 core 58.22 26.43 0.3 8.14 6.43 0.43 99.96 40.12 2.52 57.35
S 1194 plg 7 core 53.41 30.54 0.41 11.06 5.09 0.17 101.3 54.02 0.99 44.99
S 1195 plg 7 core 57.98 26.72 0.36 7.92 7.06 0.33 100.37 37.56 1.86 60.58
S 1196 plg 8 core 53.78 30.17 0.4 11.99 4.51 100.85 59.50 0.00 40.50
S 3839 plg 1 core 53.15 30.02 0.37 12.15 4.18 0.23 100.11 60.79 1.37 37.84
S 3863 plg2 core 60.33 25.59 0.28 6.94 6.9 0.7 100.75 34.26 4.11 61.63
S 1111 plg 2 core 59.02 25.92 0.23 7.39 6.93 0.37 100.24 36.28 2.16 61.56
F11 SV rims
S 1112 plg 2 rim 60.36 25.35 0.28 6.42 7.42 0.54 100.87 31.33 3.14 65.53
S 1144 plg 3 rim 66.05 20.34 1.43 7.32 5 100.14 6.93 28.85 64.21
S 1146 plg 4 rim 53.09 30.14 0.28 11.99 4.42 99.92 59.98 0.00 40.02
S 3838 plg1 rim 53.34 30.16 0.31 12.2 4.17 0.23 100.41 60.94 1.37 37.69
S 3864 plg2 rim 53.34 29.82 0.29 11.9 4.44 0.25 100.04 58.82 1.47 39.71
JJ6 SV cores
S 934 plg 1 core 59.38 25.62 0.62 6.82 7.36 0.82 100.62 32.30 4.62 63.08
S 935 plg 2 core 59.33 25.96 0.74 7.11 7.23 0.75 101.13 33.72 4.23 62.05
S 940 plg 3 core 51.1 30.94 0.54 13.44 3.54 0.18 99.75 67.00 1.07 31.93
S 942 plg 4 core 51.64 31.48 0.63 13.61 3.52 0.22 101.1 67.24 1.29 31.47
S 949 plg 5 core 51.16 30.71 1.48 0.58 13.33 3.36 0.21 67.80 1.27 30.93
S 951 plg 6 core 51.03 31.38 0.57 13.79 3.47 0.18 100.43 67.99 1.06 30.96
S 952 plg 7 core 59.49 25.93 0.49 7.54 6.71 0.87 101.02 36.39 5.00 58.61
S 954 plg 8 core 51.19 30.58 0.48 12.97 3.79 0.2 99.21 64.64 1.19 34.18
S 959 plg 9 core 50.78 31.28 0.6 13.82 3.47 0.18 100.13 68.03 1.05 30.91
JJ6 SV rims
S 941 plg 3 rim 51.33 31.15 0.47 13.74 3.45 0.2 100.34 67.95 1.18 30.87
S 953 plg 7 rim 60.55 25.23 0.53 6.41 7.1 1.11 100.93 31.15 6.42 62.43
S 956 plg 8 rim 56.11 27.94 0.65 9.97 5.65 0.53 100.84 47.87 3.03 49.10
S 958 plg 9 rim 51.24 31.61 0.46 13.65 3.47 0.2 100.63 67.68 1.18 31.14
JJ3 SD cores
S 3175 plg1 core 64.32 22.74 3.36 7.83 1.42 100.22 17.48 8.80 73.72
S 3176 plg 1 core 64.55 22.98 3.41 7.33 1.5 99.78 18.47 9.67 71.85
S 3205 plg 1 core 64.06 22.46 3.16 7.73 1.52 99.37 16.67 9.54 73.79
S 3206 plg 1 core 66.89 19.6 0.47 6.2 6.59 99.76 2.41 40.16 57.44
S 3334 plg 1 core 66.11 19.19 0.28 0.43 6.78 5.98 98.78 2.17 35.92 61.91
S 3337 plg 1 core 64.92 18.46 0.37 6 7.05 96.8 1.89 42.77 55.34
S 3347 plg 1 core 67.09 18.93 0.68 6.26 7.29 100.25 3.29 41.95 54.76
S 3353 plg 1 core 67.21 19.77 0.2 0.43 7.41 5.4 100.43 2.12 31.72 66.16
S 3354 plg1 core 67.57 19.05 0.92 6.49 7.16 101.19 4.34 40.23 55.43
S 3474 plg1 core 67.13 19.66 0.34 0.45 6.8 6.46 100.84 2.20 37.61 60.19
JJ3 SD rims
S 3199 plg 1 rim 65.87 19.81 0.6 6.34 6.31 98.92 3.06 38.35 58.58
S 3207 plg 1 rim 65.87 0.22 20.16 0.96 7.1 5.12 99.43 4.82 30.62 64.55
S 3355 plg1 rim 51.51 29.86 0.53 15.22 2.03 99.16 0.00 8.07 91.93
S 3356 plg1 rim 59.06 26.51 0.27 7.28 7.05 0.19 100.37 35.93 1.12 62.96
S 3358 plg1 rim 63.85 23.5 0.48 4.04 7.83 1.21 101.4 20.56 7.33 72.11
S 3362 plg 1 rim 47.31 30.92 1.8 15.88 3.71 99.62 0.00 13.32 86.68
S 3364 plg 1 rim 60.58 24.78 0.4 5.89 7.52 0.4 99.57 29.49 2.38 68.13
S 3372 plg1 rim 65.26 22.24 0.43 2.8 8.3 1.91 101.41 13.93 11.32 74.75
S 3373 plg1 rim 63.35 23.33 0.2 4.27 7.96 1.15 100.27 21.30 6.83 71.87








Label SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O Total Mg# Wo% En% Fs%
S 3032 cpx core 50.81 1.74 3.83 8.26 14.74 20.3 99.69 76 42.96 43.40 13.64
S 3034 cpx core 50.99 1.85 3.21 9.74 13.51 20.51 0.5 100.32 71 43.72 40.07 16.21
S 3053 cpx 1 core 50.35 1.8 3.85 7.97 14.81 20.85 99.62 77 43.73 43.22 13.05
S 3055 cpx 2 core 50.38 1.5 1.99 10.4 0.27 13.36 20.85 0.45 99.2 70 43.84 39.09 17.07
S 3060 cpx 3 core  51.63 1.19 2.15 8.14 15.63 20.63 99.36 77 42.34 44.62 13.04
S 3072 cpx 4 core 51.27 1.74 2.58 10.78 13.14 20.16 99.67 68 43.03 39.02 17.96
S 3084 cpx 5 core 51.19 1.61 3.26 8.37 0.16 14.7 20.55 99.84 76 43.23 43.02 13.74
S 3088 cpx 6 core 51.66 1.32 2.37 8.14 15.32 20.83 99.63 77 42.95 43.95 13.10
S 3100 cpx 7 core 50.37 2.17 4.76 8.69 14.37 20.01 100.37 75 42.77 42.73 14.50
S 3103 cpx7 core 50.9 1.88 4.05 8.17 14.68 20.51 100.2 76 43.35 43.17 13.48
S 3089 cpx 6 core 50.88 1.9 3.28 9.54 14.04 21.27 100.91 72 44.08 40.48 15.43
S 3105 cpx7 core 50.68 1.89 3.99 8.21 14.49 20.36 99.62 76 43.39 42.96 13.66
D5 SV rims
S 3038 cpx rim 50.49 1.31 1.79 12.28 0.28 11.95 20.35 98.45 63 43.23 43.02 13.74
S 3041 cpx rim 51.11 1 1.31 13.36 0.36 11.37 20.58 99.1 60 43.95 33.78 22.27
S 3042 cpx rim 51.51 1.13 1.59 11.65 0.36 12.61 20.86 99.72 66 43.92 36.94 19.14
S 3037 cpx rim 51.7 1.2 1.57 11.86 0.29 12.49 20.86 99.98 65 43.92 36.59 19.49
S 3054 cpx rim 51.17 1.8 2.92 10.48 13.16 20.46 99.99 69 43.58 39.00 17.42
S 3056 cpx rim 51.3 1.5 1.88 11.37 0.2 13.09 21.05 100.38 67 43.73 37.83 18.44
S 3061 cpx rim 51.64 1.09 1.37 15.9 0.32 10.2 20.05 100.57 53 42.98 30.42 26.60
S 3073 cpx 4 rim 50.26 1.79 2.38 12.45 0.24 12.08 20.72 99.94 63 43.86 35.57 20.57
S 3085 cpx 5 rim 50.37 1.7 2.12 12.01 0.23 12.32 20.54 99.29 65 43.65 36.43 19.92
SV J20 cores
S 966 cpx 1 core 48.77 2.05 4.11 9.47 13.15 20.88 0.45 99.4 71 44.84 39.29 15.87
S 972 cpx 1 core 50.1 1.79 3.64 9.38 13.47 21.2 0.49 100.37 72 44.86 39.65 15.49
S 984 cpx 2 core 50.81 1.3 1.85 11.09 0.42 12.84 20.82 0.4 99.77 67 43.98 37.73 18.28
S 997 cpx 2 core 51.15 1.41 2.2 11.61 12.38 21.49 100.53 66 44.98 36.05 18.97
S 1011 cpx 3 core 50.1 1.61 2.68 10.43 12.72 21.43 0.53 99.5 68 45.34 37.44 17.22
S 1017 cpx 3 core 50.62 1.83 3.28 9.69 13.42 21.67 100.93 71 45.24 38.97 15.79
S 1025 cpx 3 core 51.39 1.51 2.24 11.03 13.07 21.51 100.74 68 44.53 37.64 17.82
S 1012 cpx 3 rim 51.18 1.43 2.23 11.54 12.64 21.49 101.15 66 44.69 36.57 18.73
S 1029 cpx 5 core 51.28 1.17 1.59 11.98 0.24 12.3 21.45 100.01 65 44.77 35.72 19.52
S 1030 cpx 5 core 50.56 1.36 1.72 11.35 12.47 21.07 0.51 99.03 66 44.57 36.70 18.74
S 1031 cpx 5 core 49.7 1.76 2.58 11.88 11.77 21.4 0.57 99.66 64 45.49 34.80 19.71
S 1039 cpx 6 core 51.75 1.2 1.69 11.57 12.61 21.49 100.47 66 44.71 36.50 18.79
S 1047 cpx 7 core 50.65 1.57 2.39 11.1 12.39 20.38 0.71 99.19 67 44.04 37.24 18.72
S 1067 cpx 9 core 50.25 1.43 1.97 11.41 0.27 11.98 21.17 0.54 99.27 65 45.29 35.66 19.05
S 1066 cpx 9 core 50.86 1.33 2.03 11.86 12.15 21.41 0.6 100.24 65 45.01 35.53 19.46
S 1073 cpx 10 core 50.72 1.13 1.68 12.57 11.99 20.92 0.44 99.44 63 44.12 35.18 20.69
S 1018 cpx 3 core 51.1 1.47 2.11 10.28 13.3 21.77 100.02 70 45.08 38.31 16.61
S 3753 cpx1 core 52.63 1.15 1.58 11.77 0.2 12.96 20.63 100.91 66 43.12 37.68 19.20
S 3766 cpx2 core 52.42 1.22 1.83 11.08 0.28 13.27 20.37 100.47 68 42.90 38.88 18.21
S 3774 cpx3 core 50.49 1.89 2.74 11.32 0.25 12.53 21.16 101.3 66 44.62 36.76 18.63
SV J20 rims
S 998 cpx 2 rim 50.13 1.53 2.29 11.7 0.25 11.8 20.81 0.51 99.29 64 44.89 35.41 19.70
S 1024 cpx 4 rim 50.74 1.29 1.87 11.5 12.41 21.49 99.31 66 45.02 36.17 18.81
S 1032 cpx 5 rim 51.5 1.16 1.75 11.48 0.26 12.34 21.52 0.53 100.83 66 45.16 36.03 18.81
S 1033 cpx 5 rim 51.32 1.37 1.68 11.53 12.69 21.28 0.51 100.38 66 44.39 36.83 18.77
S 1038 cpx 6 rim 51.55 1.12 1.68 12.32 11.9 21.56 0.51 100.63 63 45.17 34.68 20.15
S 1061 cpx 8 rim 50.27 1.26 2.04 12.32 11.61 21.23 0.54 99.26 63 45.17 34.37 20.46
S 1059 cpx 8 rim 49.94 2 2.95 11.13 12.15 21.38 0.53 100.09 66 45.52 35.99 18.49
S 1068 cpx 9 rim 51.26 1.32 1.7 12.27 12.45 21.51 100.5 64 44.44 35.78 19.78
S 1074 cpx 10 rim 50.52 1.34 2.16 12.38 11.5 21.32 0.58 100.23 62 45.38 34.05 20.57
S 1229 cpx rim 49.37 0.88 1.32 19.41 0.75 6.84 20.72 0.76 100.05 39
S  3757 cpx2 rim 51.78 0.79 1.33 13.65 0.2 11.51 20.12 100.13 60 43.00 34.23 22.77
S 3768 cpx2 rim 52.08 0.82 1.36 13.47 0.25 10.99 20.5 99.47 59 44.27 33.02 22.71
S 3773 cpx2 rim 49.82 1.96 2.71 11.36 12.47 21.06 99.38 66 44.55 36.70 18.76
C7 SV cores
S 2547 cpx 1 core 49.78 2.11 3.51 10.18 13.14 20.25 0.5 99.45 70 43.57 39.33 17.10
S 2554 cpx 2 core 50.42 1.8 2.64 9.58 0.21 13.7 21.45 99.8 72 44.70 39.72 15.58
S 2587 cpx 3 core 50.43 1.93 3.17 9.66 13.46 21.39 0.45 100.48 71 44.88 39.29 15.82
S 2593 cpx 3 core 50.88 1.44 2.26 10.16 13.28 21.5 99.51 70 44.88 38.57 16.55
S 2594 cpx 3 core 50.78 1.49 2.43 9.83 13.47 21.33 0.41 99.74 71 44.68 39.25 16.07
S 2595 cpx 3 core 51.18 1.41 2.18 10.35 13.38 21.6 100.1 70 44.73 38.55 16.73
S 2629 cpx 4 core 49 1.2 1.59 20.73 0.45 5.2 20.88 0.87 99.94 31 47.14 16.33 36.53
S 2632 cpx 5 core 50.15 26.91 0.49 1.89 19.13 1.36 99.94 11 44.73 6.15 49.12
C7 SV rims
S 2549 cpx 1 rim 52.83 0.93 2.02 11.34 12.99 20.23 100.33 67 42.90 38.33 18.77
S 2553 cpx 2 rim 50.5 1.68 2.55 10.29 0.21 13.14 21.42 0.41 100.19 69 44.88 38.30 16.83
S 2589 cpx 3 rim 51.81 1.41 2.37 10.87 0.21 13.27 20.65 100.59 69 43.39 38.79 17.83
S 2598 cpx 3 rim 52.46 1.31 2.22 10.97 13.22 20.69 100.87 68 43.43 38.60 17.97
S 2599 cpx 3 rim 50.91 1.09 2.08 11.31 12.48 21.12 98.99 66 44.64 36.70 18.66
S 2630 cpx 4 rim 49.39 0.93 1.87 21.77 0.51 4.52 20.79 0.97 100.76 27 47.17 14.27 38.56
S 2631 cpx 5 rim 52.62 0.55 1.25 27.19 0.28 7.36 10.36 99.62 33 32.80 0.00 67.20
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S 2391 cpx 1 core 52.16 1.56 2.88 8.39 14.8 21.09 100.87 76 43.73 42.69 13.58
S 2413 cpx 2 core 51.88 1.27 2.2 8.7 0.18 14.94 19.59 0.43 99.19 75 41.53 44.07 14.40
S 2450 cpx 4 core 52.14 1.14 1.5 12.62 0.27 12.08 20.33 100.09 63 43.27 35.77 20.96
S 2459 cpx 4 core 51.76 1.56 3.18 8.38 14.64 20.79 0.45 100.75 76 43.59 42.70 13.71
S 2462 cpx 5 core 51.54 1.34 1.85 10.57 12.9 20.38 98.58 69 43.76 38.53 17.71
S 2489 cpx 6 core 50.71 1.73 3.1 8.26 14.4 21.74 99.94 76 45.08 41.55 13.37
S 2492 cpx 6 core 50.16 1.72 3.3 8.06 14.13 21.43 0.45 99.53 76 45.23 41.49 13.28
C6 SV rims
S 2392 cpx 1 rim 49.05 0.5 1.18 26.18 0.35 1.76 19.58 0.86 99.46 11 46.11 5.77 48.12
S 2416 cpx2 rim 52.52 1.31 1.71 11.64 0.19 12.83 20.62 100.81 66 43.36 37.53 19.10
S 2418 cpx 3 rim 51.83 1.08 1.3 12.65 0.22 11.71 20.29 99.09 62 43.68 35.07 21.25
S 2454 cpx 4 rim 52.09 1.12 1.3 13.78 0.25 11.68 20.56 100.77 60 43.23 34.16 22.61
S 2455 cpx 4 rim 51.88 1.05 1.24 13.72 0.18 11.34 20.4 99.81 60 43.51 33.65 22.84
S 2456 cpx 4 rim 51.26 0.63 1.63 19.34 0.28 6.31 20.32 0.91 100.68 37 45.98 19.86 34.16
S 2457 cpx 4 rim 52.28 0.77 1.25 17.6 0.31 8.19 20.69 0.68 101.78 45 45.15 24.87 29.98
S 2458 cpx 4 rim 50.42 0.78 23.71 0.4 3.99 19.81 99.11 23 45.16 12.65 42.19
S 2467 cpx 5 rim 51.53 0.58 0.96 16.92 8.53 20.61 99.12 47 45.11 25.98 28.91
S 2491 cpx 6 rim 50.48 1.68 2.23 12.14 0.19 12.07 21.34 100.12 64 44.82 35.27 19.90
S 2495 cpx 6 rim 50.03 1.95 2.72 9.91 13.18 21.22 99.01 70 44.87 38.77 16.36
JJ4 SV cores
S 3640 cpx1 core 48.61 2.67 5.21 9.65 0.17 12.85 20.75 0.59 100.83 70 44.95 38.73 16.32
S 3643 cpx2 core 49.57 2.23 4.05 9.39 12.68 20.71 0.59 100.3 71 45.34 38.62 16.04
S 3666 cpx 4 core 48.53 2.68 4.82 9.76 12.47 20.91 0.61 100.13 69 45.58 37.82 16.61
S 3683 cpx6 core 51.86 1.54 2.67 9.36 14.25 20.77 100.45 73 43.36 41.39 15.25
S 3693 cpx 7 core 48.53 2.68 5.22 9.3 12.86 21.91 0.54 101.05 71 46.56 38.02 15.42
S 3747 cpx8 core 49.86 1.94 4.03 9.21 13.31 22.13 100.48 72 46.26 38.71 15.03
S 3693 cpx 7 core 48.53 2.68 5.22 9.3 12.86 21.91 0.54 71 45.24 38.52 16.44
JJ4 SV rims
S 3642 cpx 1 rim 47.49 3.06 6 9.93 12.37 20.19 0.61 99.65 69 53.98 46.02 0.00
S 3644 cpx 2 rim 50.97 1.89 3.3 10.02 12.85 20.98 0.58 100.59 70 53.99 46.01 0.00
S 3672 cpx 4 rim 51.97 1.15 1.89 15.09 0.19 9.89 20.93 0.68 101.79 54 45.04 29.61 25.35
S 3678 cpx 5 rim 49.36 2.03 3.64 9.73 12.71 20.51 0.59 98.58 70 53.70 46.30 0.00
S 3682 cpx 5 rim 49.87 2.24 3.64 9.8 0.24 12.85 22.32 0.52 101.47 70 46.65 37.36 15.99
S 3684 cpx 6 rim 50.02 1.84 2.71 12.29 0.22 11.41 21.34 0.57 100.4 62 45.59 33.91 20.49
S 3697 cpx 7 rim 50.2 1.39 2.29 11.26 0.28 11.9 21.52 0.51 99.34 65 45.92 35.33 18.75
S 3752 cpx 8 rim 50.89 1.6 2.72 10.8 0.27 12.4 22.1 0.54 101.33 67 46.25 36.10 17.64
J16 SV cores
S 2806 cpx 1 core 51.8 1.31 1.98 10.21 13.98 20.95 0.43 101.74 71 43.31 40.21 16.48
S 2808 cpx 1 core 52.17 1.24 2.02 8.7 15.46 19.68 99.27 76 41.02 44.83 14.15
S 2810 cpx 1 core 52.52 1.53 2.43 9.68 14.18 20.49 100.83 72 42.89 41.29 15.82
S 2849 cpx 2 core 50.17 1.98 3.38 9.33 13.85 21.36 100.08 73 44.58 40.22 15.20
S 2857 cpx 3 core 48.93 2.37 3.65 9.68 13.25 20.98 98.87 71 44.67 39.25 16.09
S 2879 cpx 4 core 50.96 1.65 2.29 12.52 11.96 20.16 99.55 63 43.29 35.73 20.98
S 2915 cpx 5 core 53.72 1.41 1.93 11.67 13.77 22.34 104.84 68 44.15 37.86 18.00
S 2915 cpx 5 core 53.72 1.41 1.93 11.67 13.77 22.34 104.84 68 44.15 37.86 18.00
S 2916 cpx5 core 52.69 1.28 1.65 12.44 0.37 12.97 21.71 103.1 98 54.22 45.06 0.72
S 2967 cpx 5 core 51.52 1.43 2.19 8.97 14.92 20.57 99.6 75 42.56 42.95 14.49
J16 SV rims
S 2809 cpx 1 rim 51.29 1.47 2.06 10.08 0.21 13.52 20.15 0.48 99.26 99 51.50 48.08 0.42
S 2811 cpx 1 rim 51.27 1.44 2.14 10.73 99.54 13.18 20.26 0.51 69 43.13 39.04 17.83
S 2850 cpx 2 rim 49.75 1.11 2.57 13.97 11.64 20.13 99.16 60 42.62 34.29 23.09
S 2858 cpx 3 rim 50.49 1.88 2.53 10.9 12.88 21.41 100.08 68 44.76 37.46 17.78
S 2882 cpx 4 rim 51.54 1.26 1.73 13.76 0.19 10.92 20.22 0.56 100.19 59 43.81 32.92 23.27
S 2901 cpx 5 rim 48.56 0.68 1.19 26.3 0.48 1.4 20.47 0.99 100.07 9 47.67 4.54 47.80
S 2910 cpx5 rim 48.25 0.71 1.34 25.67 0.44 1.6 20.58 1.13 99.73 10 48.04 5.20 46.77
S 2959 cpx 5 rim 51.58 1.25 1.65 12.98 0.25 11.65 20.15 99.51 62 43.34 34.86 21.79
S 2968 cpx 5 rim 49.35 2.48 3.51 10.81 0.23 12.6 20.92 0.51 100.41 68 44.62 37.39 18.00
S 2909 cpx5 rim 50.65 0.87 1.27 17.82 0.51 7.88 21.81 100.8 44 46.72 23.48 29.80
J13 SV cores
S 2661 cpx 1 core 51.77 1.42 2.74 7.74 0.18 15.32 21.46 78 43.96 43.66 12.38
S 2682 cpx 2 core 52.75 1.38 1.94 12.53 0.24 12.69 19.57 64 41.63 37.56 20.81
S 2687 cpx 3 core 51.26 1.68 2.93 9.22 0.19 14.13 20.65 73 43.47 41.38 15.15
S 2721 cpx4 core 50.27 2.09 3.95 8.74 14.32 21.34 100.71 74 17.80 16.62 65.58
S 2729 cpx 5 core 51.76 1.39 2.8 7.99 14.88 20.75 77 43.51 43.41 13.08
S 2754 cpx 6 core 52.96 1.29 2.76 8.66 14.98 21.37 76 43.64 42.56 13.80
J13 SV rims
S 2666 cpx 1 rim 50.77 1.02 1.35 16.05 8.86 20.54 0.71 50 45.25 27.15 27.60
S 2679 cpx 2 rim 50.19 0.89 1.94 19.74 0.25 5.83 20.52 0.95 34 46.60 18.42 34.99
S 2693 cpx 3 rim 52 1.23 1.82 13.62 0.24 11.27 20.46 0.55 60 43.75 33.52 22.73
S 2722 cpx4 rim 51.23 1.06 1.23 15.16 10.03 20.3 54 44.05 30.28 25.67
S 2723 cpx4 rim 51.37 1.09 1.34 15.13 0.23 10.35 20.32 55 43.67 30.95 25.38
S 2724 cpx4 rim 51.13 0.92 1.06 15.28 0.27 9.91 20.28 0.6 54 44.09 29.98 25.93
S 2730 cpx 5 rim 52.13 1.05 1.44 14.05 0.2 10.88 20.57 0.59 58 44.07 32.43 23.50
S 2761 cpx 6 rim 51.15 1.55 2.39 11.6 12.68 21.38 66 44.47 36.69 18.83







S 1097 cpx 1 core 50.46 1.28 3.01 8.29 14.04 21.39 0.46 99.67 75 45.13 41.21 13.65
S 1099 cpx 2 core 50.53 1.28 3.09 7.67 14.24 21.83 0.5 99.46 77 45.83 41.60 12.57
S 1126 cpx 4 core 50.72 1.36 3.16 7.59 14.48 21.74 0.46 99.52 77 45.47 42.14 12.39
S 1127 cpx 4 core 51.14 1.28 3.07 7.48 14.56 21.91 0.42 100.47 78 45.64 42.20 12.16
S 1133 cpx 5 core 50.29 1.29 1.84 13.47 0.33 10.02 21.7 0.9 100.16 57 47.02 30.20 22.78
S 1156 cpx 6 core 50.66 1.59 3.22 7.69 14.37 21.86 0.45 100.28 77 45.68 41.78 12.54
S 1161 cpx 7 core 50.59 1.31 3.18 7.77 14.1 21.81 0.43 99.6 76 45.92 41.31 12.77
S 1164 cpz 7 core 51.44 1.42 2.7 7.29 14.78 21.92 99.55 78 45.50 42.68 11.81
S 1193 cpx 8 core 50.77 1.66 2.98 9.28 13.56 21.6 100.18 72 45.28 39.54 15.18
S 1191 cpx 8 core 50.93 1.3 3.2 7.72 14.27 21.83 0.51 99.76 77 45.76 41.61 12.63
S 1192 cpx 8 core 50.97 1.55 3.42 8.17 14.36 21.78 100.65 76 45.25 41.50 13.25
S 1206 cpx 9 core 49.16 1.83 3.93 8.21 13.96 20.92 0.43 99.05 75 44.75 41.54 13.71
S 1205 cpx 9 core 50.69 1.86 3.29 9.74 13.28 21.62 0.48 100.95 71 45.33 38.73 15.94
S 3815 cpx1 core 52.66 1.27 2.97 7.86 15.13 20.96 100.84 77 43.54 43.72 12.74
S 3822 cpx1 core 50.8 1.77 3.07 9.33 13.56 21.77 0.51 100.81 72 45.43 39.37 15.20
S 3844 cpx 2 core 50.5 1.63 3.4 8 14.42 21.78 99.74 76 45.29 41.72 12.99
S 3846 cpx2 core 50.5 1.38 3.35 7.48 14.74 21.63 99.64 78 45.09 42.74 12.17
S 3848 cpx3 core 49.51 2.03 3.79 8.05 14.19 21.16 0.46 99.2 76 44.85 41.84 13.32
S 3849 cpx3 core 50.67 1.51 3.24 7.87 14.83 21.69 99.81 77 44.75 42.57 12.67
S 3855 cpx4 core 51.28 1.41 3.12 7.43 15.08 21.83 0.4 100.55 78 44.91 43.16 11.93
S 3861 cpx5 core 51.98 1.39 2.91 8.1 14.91 20.81 0.42 100.53 77 43.47 43.33 13.21
F11 SV rims
S 1098 cpx 1 rim 51.2 1.53 1.96 10.78 12.83 21.78 100.07 68 45.33 37.15 17.51
S 1106 cpx 2 rim 50.75 1.4 3.16 8.31 14.04 21.58 0.42 99.67 75 45.34 41.04 13.63
S 1102 cpx 3 rim 51.38 1.48 2.23 11.47 12.38 21.75 100.69 66 45.38 35.94 18.68
S 1130 cpx 4 rim 50.81 1.56 1.99 13.59 10.27 21.52 0.97 100.73 57 46.36 30.78 22.85
S 1135 cpx 5 rim 47.86 1.45 2.84 20.09 0.31 4.86 21.11 1.18 99.95 30 48.47 15.52 36.00
S 1157 cpx 6 rim 51.03 1.73 2.51 10.41 12.69 21.99 0.55 100.91 68 46.03 36.96 17.01
S 1163 cpx 7 rim 49.46 1.79 2.9 10.34 12.64 21.31 0.56 99 69 45.37 37.44 17.18
S 1165 cpx7 rim 50.72 1.32 3.16 8.26 14.28 21.77 0.37 100.23 76 45.28 41.32 13.41
S 1207 cpx 9 rim 51.16 1.34 1.99 12.21 11.63 21.7 0.52 100.56 63 45.77 34.13 20.10
S 3818 cpx1 rim 51.11 1.84 3.36 9.52 13.66 20.8 100.59 72 44.04 40.23 15.73
S 3819 cpx1 rim 50.35 1.77 3.34 9.2 0.16 13.56 20.57 99.29 72 44.13 40.47 15.40
S 3823 cpx1 rim 52.02 1.02 3.03 11.41 11.29 20.88 1.18 100.83 64 45.90 34.53 19.58
S 3845 cpx 2 rim 51.35 1.13 1.54 13.23 0.23 10.89 21.68 0.68 100.72 59 45.97 32.13 21.90
S 3851 cpx4 rim 50.78 1.58 2.26 10.26 13.34 21.49 99.7 70 44.72 38.62 16.66
S 3862 cpx5 rim 51.64 1.4 2.1 11.26 12.27 20.68 0.54 99.9 66 44.44 36.68 18.88
JJ6 SV cores
S 911 cpx 1 core 50.74 1.33 2.67 8.7 14.46 21.42 0.57 99.89 75 44.32 41.63 14.05
S 917 cpx 2 core 51.94 1.16 2.24 8.18 14.48 21.52 0.89 100.43 76 44.79 41.93 13.29
S 919 cpx 3 core 51.26 1.18 2.57 8.68 0.25 14.38 21.57 0.66 100.55 75 44.61 41.38 14.01
S 921 cpx 4 core 50.93 1.12 2.6 8.73 14.01 21.27 0.65 99.31 74 44.71 40.97 14.32
S 923 cpx 5 core 51.68 1.19 8.63 14.18 21.32 0.67 97.68 75 44.53 41.39 14.07
S 926 cpx 6 core 50.8 1.32 2.49 8.6 14.19 21.24 0.69 99.35 75 44.37 41.15 14.48
S 928 cpx 7 core 51.19 1.19 2.56 8.89 0.44 14.18 21.27 0.72 100.44 74 44.28 41.72 14.00
S 930 cpx 8 core 52.57 0.88 1.83 8.75 14.63 21.6 0.63 100.89 75 45.40 40.91 13.68
S 932 cpx 9 core 50.97 1.39 3.54 8.34 13.99 21.6 0.88 101.15 75 44.71 40.97 14.32
JJ6 SV rims
S 912 cpx 1 rim 51.91 1.27 2.52 9.23 14.36 21.6 100.9 73 44.28 40.95 14.77
S 918 cpx 2 rim 51.04 1.4 2.89 8.36 14.29 21.39 0.79 100.15 75 44.75 41.59 13.65
S 920 cpx 3 rim 51.35 1.27 2.56 8.73 0.23 14.65 21.29 0.63 100.71 75 43.91 42.04 14.05
S 922 cpx 4 rim 50.56 1.13 2.61 8.99 14.37 21.22 0.56 99.44 74 44.00 41.45 14.55
S 924 cpx 5 rim 51.38 1.21 2.76 8.85 0.23 14.34 21.37 0.69 100.84 74 44.31 41.37 14.32
S 927 cpx 6 rim 51.89 1.35 2.54 8.86 14.16 21.27 0.7 100.78 74 44.42 41.14 14.44
S 929 cpx 7 rim 51.61 1.24 2.59 9.14 14.19 21.46 0.63 100.86 73 44.40 40.84 14.76
S 931 cpx 8 rim 47.42 2.82 5.53 11.12 12.25 20.68 0.98 101.22 66 44.57 36.73 18.70
S 933 cpx 9 rim 51.05 1.2 3 8.48 0.24 14.66 21.07 0.71 100.4 76 43.82 42.42 13.77
JJ3 SD cores
S 3258 cpx1 core 50.84 1.88 3.51 8.88 13.4 21.08 0.61 100.21 73 45.18 39.96 14.86
S 3259 cpx1 core 51.8 1.58 3 9.32 13.61 21.09 0.58 100.98 72 44.59 40.03 15.38
S 3262 cpx1 core 51.73 1.4 2.9 9.24 13.61 20.9 0.55 100.32 72 44.42 40.25 15.33
S 3271 cpx 2 core 51.48 1.72 3.21 8.91 13.46 21.32 0.6 100.69 73 45.36 39.84 14.80
S 3273 cpx2 core 51.97 1.49 2.84 9.21 13.22 21.36 0.51 100.61 72 45.50 39.18 15.31
S 3280 cpx3 core 47.93 2.65 5.08 9.16 0.19 12.31 21.5 0.56 99.38 71 46.97 37.41 15.62
S 3283 cpx 4 core 50.33 1.63 3.05 9.01 13.17 21.87 0.54 99.6 72 46.31 38.80 14.89
S 3397 cpx1 core 51.4 1.34 2.38 10.06 12.86 22.22 100.26 70 46.33 37.30 16.37
S 3436 cpx1 core 50.83 1.43 2.55 9.53 13 21.88 0.55 99.78 71 46.16 38.15 15.69
S 3573 cpx1 core 50.67 2.11 4.04 9.5 12.6 21.38 0.64 100.94 70 46.15 37.84 16.01
S 3424 cpx2 core 50.39 1.71 2.72 9.32 13.14 21.96 0.55 99.78 72 46.22 38.47 15.31
JJ3 SD rims
S 3275 cpx2 rim
S 3277 cpx  2 rim 52 0.55 2.11 13.11 0.19 12.36 19.05 0.78 100.15 63 40.99 37.00 22.02
S 3285 cpx 3 rim 49.77 1.66 3.27 9.59 0.18 12.12 21.85 0.63 99.74 69 47.30 36.50 16.20
S 3284 cpx 4 rim 51.47 1.07 1.81 10.42 12.44 22.36 0.65 100.21 68 46.78 36.21 17.01
S 3401 cpx 1 rim 48.9 2.08 3.95 9.02 0.19 12.86 21.51 0.54 99.05 72 46.32 38.52 15.16
S 3425 cpx1 rim 51.31 1.17 1.95 12.08 11.33 22.02 0.63 100.49 63 46.64 33.39 19.97
S 3418 cpx2 rim 49.72 2.11 3.53 10.11 0.27 12.17 21.79 0.57 100.26 68 46.75 36.32 16.93
S 3419 cpx2 rim 49.57 2 3.54 10.11 11.99 21.99 0.64 99.84 68 47.23 35.82 16.95
S 3417 cpx3 rim 50.41 1.6 2.96 10.94 11.6 21.89 0.66 100.05 65 47.01 34.66 18.34
S 3466 cpx1 rim 49.73 2.13 3.78 11.48 0.22 11.23 21.58 0.77 100.92 64 46.75 33.84 19.41
S 3468 cpx2 rim 50.21 1.9 3.33 11.07 0.2 11.77 22.08 0.68 101.24 65 46.88 34.77 18.35
S 3470 cpx3 rim 50.61 1.12 2.13 10.23 0.23 12.25 21.91 0.57 99.05 68 46.68 36.31 17.01
S 3577 cpx1 rim 51.35 1.67 3.43 9.9 12.55 21.49 0.63 101.03 69 46.04 37.41 16.55






Label SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O Total Fo%
S 2397 ol1 core 35.49 35.66 0.45 27.39 0.43 99.43 58
S 2406 ol 1 core 36.26 34.14 0.38 29.02 0.38 100.18 60
S 2512 ol2 core 36.13 34.76 28.65 0.41 99.95 60
S 2409 ol 1 core 36.51 32.15 0.28 30.6 0.54 100.08 63
S 2412 ol1 core 36.34 32.94 0.35 29.89 0.41 99.94 62
C6 SV rims
S 2529 ol 4 rim 33.22 46.31 0.99 18.3 0.53 99.35 41
S 2516 ol2 rim 34.63 40.07 0.51 23.64 0.57 99.43 51
S 2526 ol 3 rim 34.12 43.26 0.86 21.02 0.51 99.78 46
S 2530 ol 4 rim 33.04 47.71 1.01 17.41 0.56 99.73 39
J16 SV core
S 2822 ol1 core 35.13 36.62 26.05 0.4 98.20 56
S 2833 ol1 core 35.21 37.16 0.49 25.92 0.38 99.15 55
S 2830 ol1 core 35.01 39.95 0.5 24.05 0.41 99.92 52
S 2936 ol 2 rim 32.61 52.62 1.13 13.27 0.65 100.29 31
S 2938 ol3 rim 32.06 53.96 1.24 11.25 0.79 99.30 27
S 2942 ol 4 rim 32.64 55.45 1.3 10.42 0.84 100.65 25
S 2937 ol2 rim 32.77 53.73 1.21 12.28 0.81 100.81 29
S 2939 ol3 rim 32.77 52.07 1.2 13.16 0.74 99.95 31
S 2941 ol 4 rim 32.45 55.55 1.38 9.99 1.06 100.42 24
J13 SV cores
S 2648 ol 1 core 35.52 35.12 0.4 27.6 0.36 99.01 58
S 2719 ol2 core 34.67 38.36 0.42 25.28 0.46 99.20 54
S 2742 ol3 core 35.25 38.84 0.49 25.48 0.42 100.48 54
S 2717 ol2 core 34.94 38.64 0.69 25.07 0.44 99.78 54
J13 SV rims
S 2655 ol 1 rim 33.64 44.17 0.49 20.37 0.45 99.11 45
S 2658 ol1 rim 33.93 45.14 0.99 19.49 0.58 100.14 43
S 2659 ol1 rim 33.85 46.5 0.97 18.81 0.53 100.65 42
S 2720 ol2 rim 34.28 45.96 0.62 19.51 0.49 100.85 43
S 2743 ol3 rim 32.48 47.13 0.67 18.02 0.47 98.77 41
S 2749 ol 3 rim 33.57 45.77 0.92 18.31 0.59 99.16 42
F11 SV cores
S 1093 ol 1 core 35.23 39.73 0.82 24.76 0.44 100.99 53
S 1150 ol 2 core 35.19 40.03 0.67 24.44 0.45 100.78 52
S 1183 ol3 core 35.77 37.66 0.54 26.29 0.5 100.76 55
S 1188 ol 3 core 35.1 40.15 0.82 23.81 0.5 100.38 51
S 1204 ol 4 core 35.08 39.5 0.79 24.16 0.5 100.04 52
F11 SV rims
S 1096 ol 1 rim 33.59 45.78 0.91 18.86 0.53 99.68 42
S 1151 ol 2 rim 33.05 48.09 0.98 16.79 0.62 99.53 38
S 1201 ol 4 rim 33.55 46.75 0.96 18.28 0.58 100.87 41
JJ6 SV cores
S 874 ol 1 core 37.14 30.69 0.54 32.12 0.36 100.84 65
S 879 ol 3 core 36.74 29.96 0.55 32.54 0.36 100.15 66
S 878 ol 3 core 36.82 30.27 0.62 32.34 0.27 100.31 66
S 880 ol 4 core 36.3 30.33 0.58 31.95 0.38 99.53 65
S 888 ol 5 core 36.7 30.64 0.5 31.18 0.32 99.34 64
S 890 ol 6 core 36.35 29.97 0.53 31.96 0.34 99.14 66
S 892 ol 7 core 36.62 30.21 0.5 31.57 0.3 99.20 65
S 906 ol 8 core 36.68 30.35 0.58 32.52 0.26 100.40 66
S 908 ol 9 core 36.62 29.96 0.49 32.39 0.33 99.78 66
S 910 ol 10 core 36.75 30.42 0.57 32.09 0.34 100.17 65
S 916 ol 11 core 37.38 29.89 0.54 32.57 0.41 100.80 66
JJ6 SV rims
S 875 ol 1 rim 37.17 30.96 0.48 31.59 0.32 100.53 65
S 877 ol 2 rim 37.3 30.78 0.58 31.88 0.33 100.87 65
S 876 ol 2 rim 37.13 31.21 0.54 31.52 0.3 100.69 64
S 881 ol 4 rim 36.32 30.01 0.55 31.79 0.3 98.98 65
S 889 ol 5 rim 36.83 31.06 0.51 31.45 0.33 100.19 64
S 891 ol 6 rim 37.5 30.81 0.56 31.51 0.27 100.65 65
S 893 ol 7 rim 36.62 30.43 0.52 31.47 0.34 99.38 65
S 907 ol 8 rim 36.98 30.27 0.53 32.48 0.33 100.59 66
S 909 ol 9 rim 36.88 30.29 0.61 32.66 0.3 100.73 66
Appendix D - Geochemical database of chapter 8
SEM-EDS analysis of segregation veins (SV). Olivine major elements:

















Label SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O Total An% Or% Ab%
S 370 plg 1 core 51.74 0 30.66 0.28 0 0 13.18 3.76 0.19 99.8 65.21 1.12 33.67
S 374 plg 2 core 53.2 0 30.25 0.3 0 0 12.29 4.27 0.31 100.63 60.29 1.81 37.90
S 397 plg 3 core 52.38 0 30.81 0.27 0 0 12.91 3.92 0.28 100.56 63.48 1.64 34.88
S 400 plg 4 core 51.1 0 30.75 0.2 0 0 13.18 3.57 0.21 99.01 66.26 1.26 32.48
S 440 plg 5 core 51.75 30.45 12.85 3.68 0.58 99.3 63.61 3.42 32.97
J12 HR rims 55.77 1.70 42.54
S 465 plg 7 rim 56.91 27.51 0.35 9.25 5.9 0.48 100.4 63.97 1.30 34.74
S 371 plg 1 rim 64.86 0.16 19.82 0.13 0 0.06 1.19 6.14 7.22 99.58 5.69 41.13 53.17
S 376 plg 2 rim 54.01 0 29.26 0.45 0 0 11.33 4.72 0.29 100.06 56.04 1.71 42.25
S 378 plg 3 rim 52.58 0 30.55 0.31 0 0 12.79 4.1 0.23 100.54 62.44 1.34 36.22
S 389 plg 4 rim 64.66 0 21.69 0.47 0 0 2.66 7.84 3.25 100.57 12.84 18.68 68.48
S 441 alk feld 49.28 29.33 0.62 7.11 9.93 2.76 99.04 25.07 11.58 63.35
S 451 plg 6 rim 54.41 0.28 28.27 0.8 10.59 5.13 0.36 99.84 52.16 2.11 45.73
E3 HR cores
S 620 plg 1 core 51.25 30.55 0.35 13.2 3.71 0.17 99.24 65.62 1.01 33.37
S 630 plg 3 core 52.2 31.11 0.34 13.15 3.6 0.39 100.79 65.33 2.31 32.36
S 660 plg 5 core 51.73 30.09 0.6 12.65 3.75 0.39 99.2 63.57 2.33 34.10
S 676 plg 7 core 52.2 30.8 0.28 12.87 3.86 0.18 100.19 64.13 1.07 34.80
S 678 plg 8 core 50.62 30.98 0.39 13.3 3.47 0.18 98.95 67.19 1.08 31.72
S 680 plg 9 core 52.34 29.62 0.57 0.28 16.18 1.94 100.92 0.88 7.25 91.87
S 683 plg 10 core 50.59 0.21 30.85 0.33 13.53 3.48 0.17 99.15 67.55 1.01 31.44
S 687 plg 11 core 52.02 30.98 0.55 13.25 3.77 0.22 100.79 65.16 1.29 33.55
E3 HR rims
Sm 627 plg 1 rim 51.1 30.51 0.38 13.19 3.67 0.15 99 65.92 0.89 33.19
S 624 plg 3 rim 50.82 30.9 0.44 13.36 3.56 0.18 99.27 66.74 1.07 32.18
S 638 plg 2 rim 50.81 30.95 0.41 13.46 3.56 0.17 99.35 66.95 1.01 32.04
S 640 plg 4 rim 53.9 29.1 0.48 11.29 4.79 0.27 99.83 55.67 1.58 42.74
S 677 plg 7 rim 53.26 29.52 0.61 11.8 4.47 0.21 99.88 58.59 1.24 40.17
S 679 plg 8 rim 62.36 23.93 0.26 4.91 7.99 1.19 101.01 23.62 6.82 69.56
E15 HR cores
S 730 plg 1 core 51.09 31.07 0.29 13.49 3.56 0.26 99.76 66.64 1.53 31.83
S 731 plg 2 core 54.87 29.6 0.52 11.54 4.78 0.28 101.59 66.34 0.90 32.76
S 776 plg 3 core 51.22 30.59 0.27 13.19 3.6 0.15 99.02 52.15 1.81 46.04
S 780 plg 4 core 51.99 31.07 0.33 13.49 3.63 0.17 100.68 66.58 1.00 32.42
S 790 plg 5 core 55.47 28.44 0.48 10.64 5.19 0.31 100.53 52.15 1.81 46.04
S 791 plg 5 core 51.06 30.64 0.31 13.22 3.58 98.81 66.93 0.94 32.13
E15 HR rims
S 777 plg 3 rim 52.51 30.24 0.31 12.53 4.03 0.24 99.86 62.31 1.42 36.27
S 781 plg 4 rim 53.23 28.99 0.97 0.76 11.16 4.36 0.28 99.76 57.58 1.72 40.70
S 793 plg 5 rim 64.4 21.28 0.31 2.53 7.92 3.06 99.49 12.34 17.76 69.90
Appendix D - Geochemical database of chapter 8
SEM-EDS analysis of host rock (HR). Plagioclase major elements:






Label SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O Total Mg# Wo% En% Fs%
S 406 cpx 1 core 49.24 1.7 4.68 7.57 0.17 13.86 21.83 0.48 100.12 76.54667 46.43 41.01 12.57
S 430 cpx 2 core 47.5 3.14 4.91 9.08 0.21 12.08 21.7 0.72 99.35 70.34021 47.60 36.86 15.54
S 432 cpx 3 core 49.58 2.02 4.6 7.98 13.73 22.02 99.92 75.41221 46.50 40.34 13.15
S 456 cpx 4 core 49.2 1.7 4.24 8.23 13.36 21.92 0.46 99.11 74.31782 46.71 39.60 13.69
S 3879 cpx1 core 50.39 2.29 3.32 8.95 12.85 20.86 0.74 99.4 71.90521 45.62 39.10 15.28
S 3880 cpx1 core 51.57 1.84 2.94 9.36 13.11 20.92 0.79 100.53 71.40231 45.02 39.25 15.72
S 3890 cpx2 core 52.32 1.26 1.67 8.48 13.62 20.89 0.69 98.91 74.11402 44.97 40.79 14.25
J12 HR rims
S 407 cpx 1 rim 49.05 1.91 4.78 8.33 0.15 14.12 21.58 0.49 100.63 75.13458 45.22 41.16 13.62
S 431 cpx 2 rim 50.79 1.75 2.54 8.86 13.81 21.87 99.63 73.53465 45.56 40.03 14.41
S 433 cpx 3 rim 49.46 1.9 4.59 7.8 13.68 22.09 0.56 100.3 75.76586 46.79 40.31 12.90
S 457 cpx 4 rim 51.29 4.01 8.25 13.79 21.67 99.01 74.87214 45.82 40.57 13.62
S 3878 cpx1 rim 51.78 1.4 2.68 8.99 12.74 20.95 1 99.54 71.64069 45.85 38.79 15.36
S 3883 cpx2 rim 53.2 0.98 1.84 8.36 13.68 21.43 0.79 100.27 74.47016 45.61 40.50 13.89
E3 HR cores
S 615 cpx 1 core 47.4 1.97 6.58 7.57 12.93 21.77 0.43 99.98 75.27683 47.67 39.39 12.94
S 605 cpx 2 core 48.47 2.04 5.22 7.76 0.41 13.22 21.85 0.44 99.41 75.22825 47.19 39.72 13.08
S 609 cpx 3 core 48.9 1.69 4.92 7.37 13.53 22.07 0.48 99.21 76.59471 47.31 40.35 12.33
S 611 cpx 4 core 48.47 1.75 5.81 7.05 13.24 22.04 0.37 99.72 76.99961 47.95 40.08 11.97
S 613 cpx 5 core 50.39 1.43 3.22 7.38 14.07 22.25 0.46 99.2 77.26518 46.76 41.14 12.11
S 658 cpx 6 core 49.85 2.03 3.09 8.4 13.51 22.18 0.52 99.59 74.14028 46.66 39.54 13.79
S 692 cpx 9 core 47.71 2.92 5.09 8.56 12.23 21.99 0.62 99.12 71.80614 48.13 37.24 14.62
S 3956 cpx 1 core 49.05 2.81 5.17 8.38 13.04 21.17 0.63 100.26 73.50209 46.17 39.57 14.26
S 3957 cpx1 core 48.95 2.77 5.12 8.43 12.8 21.07 0.65 99.78 73.02168 46.35 39.17 14.47
S 3958 cpx1 core 48.99 2.74 5.14 8.68 13.05 21.31 99.91 72.82656 46.09 39.26 14.65
S 3960 cpx1 core 51.94 4.63 6.98 14.21 21.58 99.34 78.3973 46.11 42.24 11.64
S 3971 cpx2 core 52.49 1.38 2.96 7.41 15 21.3 100.53 78.301 44.42 43.52 12.06
S 3973 cpx2 core 52.54 1.23 2.8 7.31 0.17 15.21 21.14 0.46 100.86 78.76443 44.04 44.08 11.89
S 3991 cpx3 core 50.73 1.56 5.04 6.85 14.3 21.25 0.46 100.86 78.81959 45.71 42.79 11.50
S 3992 cpx3 core 50.86 1.55 4.95 6.83 14.3 21.3 0.45 100.91 78.86837 45.78 42.76 11.46
S 3998 cpx 4 core 51.05 1.88 3.41 8.2 14.03 21.27 99.83 75.30857 45.07 41.36 13.56
S 3972 cpx2 core 52.74 1.28 2.92 7.27 15.17 21.22 100.6 78.81212 44.21 43.97 11.82
E3 HR rims
S 604 cpx 1 rim 51.41 1 3.07 6.87 15.01 22.21 100.01 79.5699 45.84 43.10 11.07
S 606 cpx 2 rim 48.53 1.72 5.32 7.29 13.41 21.93 0.38 99.08 76.63064 47.39 40.31 12.30
S 616 cpx 3 rim 50.01 1.73 5.12 7.48 13.75 22.2 0.39 100.69 76.61826 47.07 40.56 12.38
S 612 cpx 4 rim 49 1.71 5.54 7.03 13.67 22.07 0.44 100.25 77.61016 47.39 40.83 11.78
S 614 cpx 5 rim 50.2 1.86 3.7 8.58 13.52 22.2 0.48 100.54 73.74604 46.53 39.43 14.04
S 659 cpx 6 rim 47.45 3.59 5.73 8.68 12.1 22.02 0.7 100.27 71.3053 48.26 36.89 14.85
S 669 cpx 7 rim 48.24 3.08 4.93 8.73 12.4 22.18 0.64 100.19 71.68734 47.96 37.30 14.73
S 693 cpx 9 rim 50.14 1.88 3.04 8.28 13.32 22 0.51 99.17 74.1446 46.81 39.43 13.75
S 695 cpx 10 rim 47.79 3.1 4.69 9.42 0.4 11.61 21.56 0.92 99.48 68.72096 47.84 35.84 16.32
S 3961 cpx1 rim 49.98 1.71 4.19 7.57 13.99 21.34 99.11 76.71386 45.68 41.67 12.65
S 3962 cpx1 rim 50.33 1.95 4.23 7.78 13.99 21.32 99.6 76.22148 45.50 41.54 12.96
S 3963 cpx1 rim 50.15 1.96 4.39 7.63 13.64 21.07 0.52 99.36 76.11497 45.80 41.25 12.95
S 3964 cpx1 rim 50.69 1.97 3.47 7.86 13.73 21.13 0.55 99.4 75.69207 45.57 41.20 13.23
S 3974 cpx2 rim 49.83 2.32 5.07 8.08 13.68 21.3 100.62 75.11242 45.67 40.81 13.52
S 3977 cpx2 rim 50.48 1.85 4.03 8.77 14.26 19.86 99.25 74.34916 42.67 42.62 14.71
S 3987 cpx 3 rim 52.79 0.97 2.91 6.65 15.48 21.29 0.38 101.06 80.58093 44.34 44.85 10.81
S 3995 cpx3 rim 49.13 1.83 5.6 6.58 13.78 21.03 0.43 99.4 78.87251 46.39 42.29 11.33
S 3999 cpx4 rim 50.87 1.95 3.18 8.07 13.82 21.25 0.53 99.67 75.3253 45.43 41.10 13.47
E15 HR cores
S 726 cpx 1 core 49.77 1.46 3.81 7.77 0.45 13.92 21.72 98.92 76.15381 46.07 41.07 12.86
S 708 cpx 2 core 50.84 1.4 2.65 7.9 14.48 21.84 0.47 99.58 76.56626 45.36 41.84 12.81
S 737 cpx 4 core 47.95 2.32 4.95 8.65 12.82 21.84 0.51 99.04 72.54226 47.04 38.42 14.54
S 744 cpx 5 core 50.19 1.37 4.37 6.83 0.21 14.22 21.81 0.48 99.95 78.77472 46.48 42.16 11.36
S 743 cpx 5 core 48.31 2.57 5.48 8.67 12.85 22.09 0.54 100.51 72.54282 47.27 38.25 14.48
S 766 cpx 6 core 50.3 1.48 4.38 7.38 14.04 22.31 99.88 77.22766 46.87 41.03 12.10
S 769 cpx 7 core 52.03 1.31 2.84 8.31 14.54 22.09 101.11 75.72237 45.26 41.45 13.29
S 770 cpx 8 core 48.76 2.25 4.97 8.54 13.14 22.23 0.55 100.66 73.28194 47.12 38.75 14.13
S 716 cpx 9 core 51.18 0.51 2.92 9.25 13.31 22.49 0.48 100.15 71.94967 46.63 38.40 14.97
S 4005 cpx1 core 50.22 1.62 4.24 7.71 0.2 14 20.85 0.45 99.29 76.39779 44.99 42.03 12.98
S 4010 cpx 2 core 48.09 3.46 5.07 10.02 11.85 20.72 0.67 99.88 67.8267 46.02 36.61 17.37
S 4012 cpx3 core 50.05 1.8 5.67 7.66 14.1 21.03 0.42 101.75 76.64256 45.10 42.07 12.82
S 4024 cpx3 core 50.8 1.34 4 7.22 0.18 14.45 20.97 0.43 99.71 78.10702 44.90 43.04 12.06
S 4060 cpx 4 core 49.61 2.41 4.93 9.01 13.24 21.12 0.56 100.88 72.37184 45.35 39.55 15.10
E15 HR rims
S 707 cpx 1 rim 51.07 1.18 2.85 7.79 14.36 21.94 99.45 76.66838 45.71 41.62 12.67
S 709 cpx 2 rim 47.64 2.7 5.5 9.51 12.21 21.94 0.56 100.37 69.59288 47.34 36.65 16.01
S 711 cpx 3 rim 50.67 1.23 2.75 8.41 14.4 21.96 99.42 75.32239 45.22 41.26 13.52
S 738 cpx 4 rim 49.16 2.13 3.41 9.76 0.25 12.13 21.72 0.74 99.29 68.90033 47.00 36.52 16.48
S 742 cpx 5 rim 51.45 1.69 2.29 9.31 13.36 22.37 0.58 101.05 71.89482 46.39 38.54 15.07
S 768 cpx 6 rim 50.18 1.71 4.44 7.47 14.08 22.37 100.26 77.06411 46.81 40.99 12.20
S 767 cpx 7 rim 47.77 3.17 4.9 9.99 11.85 21.6 0.64 100.31 67.8921 47.08 35.93 16.99
S 771 cpx 8 rim 48.67 2.34 4.85 9.06 0.29 12.66 22.1 0.56 100.52 71.35426 47.24 37.65 15.12
S 717 cpx 9 rim 51.62 0.49 2.82 9.41 0.24 13.32 22.24 0.48 100.63 71.61753 46.22 38.51 15.26
S 4007 cpx 1 rim 51.45 1.31 2.73 8 14.55 20.81 0.42 99.27 76.42681 44.00 42.80 13.20
S 4011 cpx2 rim 50.2 2.45 4.16 9.5 12.52 21.18 0.68 100.7 70.14286 46.03 37.85 16.11
S 4019 cpx3 rim 50.91 1.47 4.01 7.68 14.24 21.17 0.43 100.19 76.7725 45.07 42.17 12.76
Appendix D - Geochemical database of chapter 8
SEM-EDS analysis of host rock (HR). Clinopyroxene major elements:






Label SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O Total Fo%
S 357 ol 1 core 36.46 0 0 33.25 0.54 30.21 0.47 0 100.93 62
S 359 ol 2 core 36.63 0 0.14 29.31 0.41 33.08 0.41 0.13 100.1 67
S 361 ol 3 core 35.87 0 0.12 34.54 0.52 27.77 0.4 0.1 99.31 59
S 365 ol 4 core 35.41 0 0 35.01 0.55 27.99 0.42 0 99.37 59
S 416 ol 5 core 36.51 35.13 0.59 28.34 0.41 100.99 59
S 418 ol 6 core 36.49 31.23 0.5 30.5 0.39 99.1 64
S 420 ol 7 core 35.93 35.65 0.46 27.81 0.36 100.22 58
S 422 ol 8 core 35.99 34.64 0.58 28.51 0.44 100.16 59
S 428 ol 9 core 36.79 33.12 0.45 30.12 0.43 100.91 62
S 436 ol 10 core 35.85 34.92 0.46 28.67 0.47 100.37 59
S 468 ol11 core 35.57 37.67 0.53 26.08 0.54 100.39 55
S 461 ol 12 core 35.28 35.27 0.46 27.76 0.52 99.29 58
J12 HR rims
S 358 ol 1 rim 36.41 0 0 32.36 0.59 30.98 0.45 0.12 100.92 63
S 360 ol 2 rim 35.83 0 0.11 35.14 0.65 28.05 0.41 0 100.19 59
S 362 ol 3 rim 35.86 0 0 36.29 0.5 26.96 0.39 0.1 100.11 57
S 366 ol 4 rim 35.27 0 0.12 36.35 0.54 26.41 0.46 0 99.15 56
S 417 ol 5 rim 34.93 37.56 0.6 25.73 0.48 99.31 55
S 419 ol 6 rim 35.59 35.83 0.62 27.05 0.42 99.5 57
S 421 ol 7 rim 35.9 35.99 0.63 26.89 0.47 99.88 57
S 423 ol 8 rim 35.23 34.63 0.71 28.36 0.44 99.37 59
S 429 ol 9 rim 36.02 33.74 0.53 29.04 0.38 99.73 61
S 435 ol 10 rim 36.02 35.15 0.54 28.5 0.41 100.61 59
S 467 ol11 rim 35.4 37.14 0.67 26.71 0.47 100.38 56
S 462 ol 12 rim 35.05 37.17 0.49 25.95 0.47 99.14 55
E3 HR cores
S 580 ol 1 rim 37.02 32.12 0.46 30.79 0.5 100.89 63
S 584 ol 2 core 36.76 31.44 0.48 30.68 0.52 99.88 63
S 586 ol 3 core 35.55 33.57 0.79 28.93 0.53 99.37 61
S 596 ol 4 core 36.42 33.02 0.57 29.05 0.48 99.53 61
S 601 ol 5 core 36.57 31.74 0.54 30.52 0.53 99.9 63
S 651 ol 6 core 35.95 33.07 0.55 29.63 0.51 99.72 61
S 688 ol 7 core 36.92 31.4 0.52 30.77 0.5 100.11 64
E3 HR rims
S 581 ol 1 rim 35.74 33.91 0.6 29.31 0.51 100.08 61
S 585 ol 2 rim 36.26 34.35 0.5 28.46 0.51 100.08 60
S 587 ol 3 rim 34.79 0.19 37.93 0.73 24.95 0.48 99.08 54
S 597 ol 4 rim 36.26 33.54 0.55 29.14 0.58 100.07 61
S 599 ol 5 rim 35.99 33.01 0.48 29.37 0.53 99.38 61
S 652 ol 6 rim 35.86 35.1 0.58 27.73 0.49 99.76 58
S 689 ol 7 rim 36.14 31.71 0.58 30.25 0.48 99.17 63
E15 HR cores
S 718 ol 2 core 36.51 31.64 0.47 31.17 0.44 100.22 64
S 720 ol 3 core 36.94 26.88 0.39 34.57 0.5 99.29 70
S 748 ol 4 core 36.79 29.07 0.45 32.3 0.43 99.04 66
S 755 ol 5 core 35.93 32.34 0.49 30.18 0.48 99.42 62
S 756 ol 6 core 36.12 33.87 0.49 29.01 0.35 99.84 60
S 758 ol 7 core 36.51 34.08 0.57 29.19 0.52 100.87 60
S 760 ol 8 core 37.41 26.85 0.4 35.23 0.41 100.3 70
S 762 ol 9 core 37 28.02 0.4 33.81 0.41 99.64 68
E15 HR rims
S 719 ol 2 rim 36.09 35.09 0.64 28.45 0.41 100.69 59
S 721 ol 3 rim 36.95 27.84 0.53 33.9 0.43 99.64 68
S 749 ol 4 rim 35.51 37.29 0.51 26.16 0.45 99.92 56
S 754 ol 5 rim 35.33 36.16 0.6 26.81 0.49 99.39 57
S 757 ol 6 rim 35.53 35.61 0.53 27.61 0.49 99.77 58
S 759 ol 7 rim 34.98 37.58 0.67 25.32 0.48 99.03 55
S 761 ol 8 rim 35.81 35.21 0.7 27.8 0.52 100.03 58
S 763 ol 9 rim 36.57 29.82 0.48 32.52 0.52 99.91 66
Appendix D - Geochemical database of chapter 8
SEM-EDS analysis of host rock (HR). Olivine major elements:
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SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O CrO Total
S 3561 starting point 61.71 23.72 4.85 7.7 0.86 98.84
S 3562 61.02 24.61 0.2 5.41 7.67 0.5 99.41
S 3563 61.26 24.43 5.53 7.53 0.73 99.48
S 3551 56.75 26.79 0.37 8.81 5.83 0.35 98.89
S 3552 56.88 27.2 0.36 9.09 5.87 0.37 99.78
S 3553 56.57 26.88 0.22 8.96 5.89 0.32 98.85
S 3554 55.17 27.81 0.5 9.75 5.4 0.25 98.88
S 3555 56.72 26.4 0.42 8.36 6.03 0.22 98.16
S 3556 ending point 55.94 27.36 0.53 9.37 5.57 0.25 99.03
Appendix D - Geochemical database of chapter 8
Transect from SD core to rim. Plagioclase major elements:




Sample G15 HR STOP3 HR E9 HR E16 HR J12 HR E5 HR E14 HR F11 SV JJ3 SD
SiO2 44.3 43.2 45.2 45.2 45.2 46.7 45.5 47.7 46
TiO2 1.43 1.52 1.76 1.71 1.63 1.76 1.45 2.01 2.92
Al2O3 14.15 13.8 14.2 14.3 14.35 14.2 14.3 13.9 14.7
Fe2O3 12.8 13.15 13.95 13.75 13.9 13.55 13.75 13.6 14.35
FeO 11.52 11.83 12.55 12.37 12.51 12.19 12.37 12.24 12.91
MnO 0.16 0.18 0.18 0.18 0.18 0.17 0.18 0.18 0.18
MgO 9.77 8.32 9.62 9.73 9.84 10.15 10.9 6.89 6.45
CaO 9.87 11.55 9.78 10.4 9.97 9.3 9.38 10.55 11.15
Na2O 1.45 3.04 2.83 2.37 2.75 2.61 2.54 3.2 3.17
K2O 0.47 0.49 0.85 0.89 0.68 1 0.58 1.08 0.6
P2O5 0.2 0.23 0.26 0.27 0.27 0.31 0.21 0.32 0.31
LOI 4.92 4.69 0.34 1.38 0.74 0.66 1.31 1.12 0.85
Total 99.52 100.17 98.97 100.18 99.51 100.41 100.1 100.55 100.68
Mg# 60 56 58 58 58 60 61 50 47
Na2O+K2O 1.92 3.53 3.68 3.26 3.43 3.61 3.12 4.28 3.77
Ti* 8594.354 9135.257 10577.67 10277.16 9796.361 10577.67 8714.5546 12080.1757 17549.30991
P* 438.0481 503.7553 569.4625 591.3649 591.3649 678.9745 459.9505 700.876945 678.9745403
Cs 0.28 0.38 0.51 0.47 0.54 0.61 0.46 0.91 0.49
Sr 402 391 357 395 349 404 319 386 468
K* 1955.000 2038.191 3535.638 3702.021 2828.511 4159.574 2412.5532 4492.34043 2495.744681
Rb 11.9 13.7 21.7 23.4 20.5 26.4 16.4 23.3 19.4
Ba 168.5 188 208 222 205 221 161.5 234 267
Th 3.35 3.49 4.27 4.4 4.44 4.19 3.28 4.18 5.25
U 0.74 0.94 0.96 0.97 1.01 0.94 0.71 0.91 1.18
Nb 27.3 27.3 40.9 42.9 37.7 32.3 27.1 33.4 47.7
Ta 1.8 1.7 2.9 2.8 2.6 2.2 1.9 2.2 3.2
La 21.8 21.1 28.7 30.7 29.4 26.6 21.8 28.5 36.2
Ce 41.4 40 53.9 58.7 55.5 51.6 41.6 55.1 69.6
Pr 4.62 4.58 6.14 6.53 5.91 5.86 4.66 6.4 7.79
Nd 18.3 18.6 23.5 25.2 22.9 23.9 18.6 25.8 31.2
Zr 93 95 123 122 111 132 94 134 149
Hf 2.5 2.4 3 2.9 2.9 3.2 2.4 3.5 3.9
Sm 3.9 3.96 5.1 5.29 4.8 4.97 4.07 5.77 6.61
Eu 1.39 1.48 1.69 1.7 1.61 1.74 1.42 2.01 2.26
Gd 3.72 3.67 4.63 4.57 4.38 4.49 3.78 5.33 6.19
Tb 0.61 0.59 0.75 0.74 0.67 0.7 0.59 0.87 1.01
Ga 16.6 17.3 20.1 20.1 19.6 19.8 17.7 19.9 23.7
V 210 239 224 227 229 218 206 282 251
Dy 3.47 3.66 4.27 4.15 3.93 3.98 3.46 4.7 5.63
Ho 0.66 0.7 0.76 0.8 0.76 0.73 0.67 0.9 1.07
Er 1.72 1.89 2.13 2.13 2.09 1.97 1.77 2.34 2.82
Tm 0.25 0.26 0.32 0.29 0.29 0.27 0.26 0.33 0.41
Y 18.2 20.5 22 21.7 21 20.3 18.3 24 28.4
Yb 1.52 1.66 1.84 1.72 1.77 1.61 1.58 1.93 2.37
Lu 0.22 0.23 0.28 0.26 0.26 0.23 0.23 0.27 0.35
Cr 330 310 310 300 300 390 330 130 180
Sn 2 1 2 2 2 2 1 2 2




segregation vein (SV) and domain (SD)
Appendix D - Geochemical database of chapter 8
Whole rock analysis - host rock (HR) 
Ti = ((TiO2/79.7)*10000*47.9))





spot JJ3_01.d cpx SCJJ3_02.d cpx SCJJ3_03.d cpx SCJJ3_04.d cpx SCJJ3_05.d cpx SCJJ3_06.d cpx SCJJ3_07.d cpx SCJJ3_13.d cpx SCJ3-08b.d cpx SC coreJ3-09b.d cpx SC core J3-10b.d cpx SC rimJ3-11b.d cpx SC rimJ3-12b.d cpx SC rim \C7-09.d cpx1 C7 core\C7-11.d cpx2 C7 core\C7-13.d cpx3 C7 core\C7-15.d cpx4 C7 core \C7-10.d cpx1 C7 rim\C7-12.d cpx2 C7 rim\C7-14.d cpx3 C7 rim\C7-16.d cpx4 C7 rim
Trace elements (ppm)
Li 4.38723 5.558191 4.746818 5.092509 5.868839 4.348932 4.413803 4.51354 4.468309 4.602776 4.780907 3.971535 5.854361 7.325977 18.13339 15.18964 10.90584 13.32306 9.062381 6.625443 9.339366
Be 0.341104 0.323771 0.77577 0.509544 0.515144 0.313706 0.374353 0.327662 0.404754 0.176107 0.368012 0.666832 0.345486 0.213166 0.278656 0.365439 0.289122 0.384876 0.21105 0.232933 1.05017
Sc 36.86597 53.73137 25.33575 61.67054 71.58416 34.87258 27.3905 36.15887 35.93019 46.42744 44.32913 18.86353 52.91891 109.3756 115.0434 121.8242 107.4284 123.8186 102.5166 98.57331 83.80369
V 90.04346 197.9668 72.43962 215.6867 274.7957 82.67647 64.68436 111.6463 86.97515 134.7772 136.1721 51.67047 176.6705 780.6049 963.7634 980.46 627.1739 949.8812 691.1637 579.1467 317.4608
Cr 3.139699 27.71244 1.529158 38.68076 62.41923 1.850405 1.004802 5.826144 2.177463 5.381288 7.345232 0.848811 19.54828 5.678249 167.2329 138.5657 1.703176 90.93071 58.20016 2.143735 bdl
Mn 1768.271 1455.031 2106.977 1466.054 1394.456 1820.262 1984.588 1762.946 1749.168 1554.771 1567.315 2183.065 1455.385 1452.488 1409.14 1421.268 1459.275 1423.028 1411.34 1527.544 1860.433
Co 38.66002 39.02451 38.51089 38.6235 38.52378 38.88109 38.95642 38.74671 37.54525 37.39768 37.16366 38.16853 37.46676 46.772 46.93079 47.9476 46.22737 47.51437 48.371 46.36119 46.68486
Ni 43.38478 68.3895 31.24135 68.00288 71.35018 40.82246 34.24919 47.07517 42.71526 59.45684 56.84166 31.10749 64.52663 67.17205 96.87213 94.34971 62.09306 87.86034 88.68363 58.62426 44.84863
Cu 0.763065 1.475821 1.349695 0.674279 1.616764 41.98605 1.315728 13.3559 1.042492 0.850113 1.355843 1.929094 0.886676 1.169394 1.448137 1.480855 1.455743 0.476155 0.412066 0.982319 0.935931
Zn 78.81939 75.34178 107.9892 76.85399 78.29684 91.72882 101.9629 92.4054 75.87271 67.98481 72.50159 96.1493 66.92599 66.91516 62.59406 64.47041 66.04271 64.78019 62.23355 68.54877 77.15757
Ga 8.671039 9.522278 13.83921 11.82575 13.31572 9.4409 9.437468 9.456285 8.570346 8.822028 9.446817 9.678289 9.997859 12.06231 12.04552 13.08582 9.187083 12.78929 7.459596 9.131432 9.273748
Ge 3.55132 3.335042 4.262135 3.287685 3.659881 3.68437 3.622333 3.587091 3.500757 3.167797 3.457516 4.262909 3.069665 3.271321 3.198742 3.268592 3.263884 3.267525 3.068562 3.195607 3.40218
As 0.472507 0.357271 0.565405 0.350131 0.380693 0.538594 0.433637 0.475181 0.162145 0.220047 0.27647 0.474522 0.286694 0.151743 0.174382 0.166515 0.303549 0.244159 0.187354 0.204962 0.348603
Rb bdl bdl 0.011148 0.025226 0.078462 0.015114 bdl 0.022528 bdl 0.013626 1.536717 1.682814 bdl bdl bdl bdl bdl bdl 0.00899 0.012678 2.834609
Sr 56.70682 50.69251 62.32087 55.2418 55.91312 61.41304 61.28735 57.63694 55.78945 48.79538 54.68967 55.0453 49.50804 50.4992 49.99247 49.39511 53.15667 49.44006 45.41074 56.84691 57.57131
Y 53.16769 35.05816 91.77731 45.87381 42.76823 60.61336 64.75056 54.35794 51.40234 38.91064 40.77326 90.20551 38.70892 22.84361 23.00725 24.65026 23.01721 25.54411 18.5606 22.80905 36.30404
Zr 169.2344 101.5571 481.0853 167.5015 155.271 204.3639 227.2258 165.9048 163.3212 112.4571 127.177 386.495 125.8138 83.02523 79.3115 96.20218 67.01033 95.98946 47.11473 65.00392 108.46
Nb 1.262226 0.841515 5.372502 1.554006 1.797348 1.97823 1.840037 1.376192 1.286209 1.003341 1.46109 2.868658 1.138266 0.61279 0.56035 0.657473 0.358414 0.613457 0.436026 0.462744 4.001921
Cs bdl 0.014615 0.007242 0.16261 3.589823 0.402868 0.43317 0.252861 bdl 0.104066 19.88603 20.46247 0.005446 0.082065 0.160152 0.010304 bdl 0.038169 0.409203 0.262737 11.09184
Ba 0.066149 0.033942 0.126369 0.116366 0.16833 0.103149 0.101028 0.113265 0.102146 0.087664 3.260989 3.28375 0.060653 0.050429 0.045722 0.069178 0.061478 0.069024 0.032674 0.667623 0.082464
La 17.55267 11.19479 40.6204 14.3188 13.70322 20.67478 24.22836 18.35078 17.18937 12.0084 12.78662 39.00513 11.91848 5.8369 6.17887 5.902214 5.787421 6.187233 4.291225 5.787399 10.769
Ce 55.25077 36.24346 119.7823 43.90705 42.73662 63.01944 74.66207 56.29949 53.52069 38.40602 40.45982 112.7195 37.9595 20.38421 21.33582 19.82409 19.22482 20.62856 14.35621 19.41772 33.04038
Pr 8.975599 5.85974 18.15904 7.278168 6.962029 10.16761 11.77724 9.064495 8.621853 6.32857 6.574167 16.96339 6.26548 3.482509 3.560093 3.512603 3.299381 3.559229 2.501261 3.324632 5.474073
Nd 44.73774 30.34149 83.99966 37.61142 35.68052 49.91162 57.12469 45.67064 43.85868 32.92477 34.47593 80.37182 32.54273 18.74713 18.74095 18.80048 18.04022 19.61554 14.02368 18.15732 29.51783
Sm 12.1331 8.821023 21.74467 10.31468 9.914796 13.90232 15.37779 12.55921 11.92688 9.239301 9.7885 20.75334 9.067385 5.761983 5.885192 5.917558 5.526725 6.114839 4.459411 5.59197 8.794816
Eu 2.676405 2.061916 4.282372 2.37075 2.437705 3.004002 3.276812 2.750623 2.601598 2.099517 2.230491 3.58585 2.16838 1.567474 1.61546 1.587113 1.431759 1.600696 1.143097 1.426919 1.981346
Gd 13.20752 9.294341 22.48602 11.71547 10.92822 15.25178 16.1922 13.5844 12.82205 10.02782 10.58407 21.08109 10.38113 6.377603 6.415214 6.584571 6.372325 6.979403 4.979921 6.204846 9.790446
Tb 1.95037 1.35298 3.419048 1.742247 1.618242 2.249884 2.412207 2.053946 1.899352 1.426083 1.502807 3.198723 1.472156 0.886425 0.918142 0.961501 0.902649 0.989264 0.706758 0.914609 1.410904
Dy 11.89351 7.931624 20.93631 10.44933 9.812607 13.60046 14.78106 12.41721 11.67953 8.820336 9.450706 20.39375 9.005924 5.384584 5.356501 5.846627 5.15461 5.818425 4.185448 5.268101 8.459324
Ho 2.220775 1.411603 3.948744 1.889625 1.791276 2.577979 2.749783 2.313802 2.140209 1.611416 1.691743 3.832953 1.607324 0.946116 0.957105 1.02497 0.936052 1.070034 0.766151 0.944003 1.500665
Er 5.983853 4.135637 11.08906 5.04843 5.289098 7.220029 7.747035 5.998637 6.113131 4.498294 5.483766 11.41695 4.588962 3.707 3.445949 3.336845 3.354348 2.853709 2.370206 3.969195 5.521565
Tm 0.730643 0.466249 1.42551 0.648243 0.585855 0.890498 0.974893 0.757042 0.746462 0.522579 0.553807 1.425936 0.534491 0.277889 0.287067 0.307933 0.292947 0.328221 0.233641 0.304187 0.450339
Yb 4.924921 2.971111 9.680739 3.910564 3.733265 5.877856 6.543574 5.126641 4.839155 3.340721 3.759526 10.12935 3.323431 1.793904 1.784587 1.925151 1.791358 1.972442 1.4595 1.853602 2.848587
Lu 0.814181 0.44493 1.60855 0.602412 0.569074 0.939531 1.100585 0.840742 0.763859 0.529835 0.565925 1.737769 0.529181 0.261539 0.24393 0.279307 0.261175 0.283798 0.204587 0.268254 0.430968
Hf 6.412816 4.359075 17.47016 7.438378 6.928885 8.139849 8.56784 6.432819 6.419952 4.547697 4.94722 13.5339 5.237591 3.974786 3.918532 4.634294 3.23649 4.511317 2.145782 2.815465 4.664663
Ta 0.169773 0.117879 0.977693 0.287969 0.307165 0.241918 0.255618 0.189153 0.178864 0.133545 0.169365 0.443977 0.188112 0.101039 0.09606 0.116273 0.054738 0.118478 0.034011 0.05716 0.129113
Pb 0.102685 0.120448 0.206803 0.099923 0.187789 0.292345 0.154651 0.153673 0.110543 0.072202 0.131245 0.178366 0.093204 0.091566 0.071267 0.071427 0.095962 0.069077 0.06375 0.090851 0.112899
Th 0.119234 0.081013 0.383069 0.235908 0.213278 0.225219 0.19685 0.127745 0.114206 0.109689 0.178131 0.280688 0.103926 0.074644 0.08228 0.075856 0.046084 0.073398 0.048322 0.193098 0.296717
U 0.024657 0.018026 0.058645 0.023429 0.040059 0.038505 0.034506 0.023364 0.020389 0.022756 0.036804 0.03844 0.015699 0.012451 0.015003 0.013649 0.01087 0.017762 0.011674 0.029114 0.095859
Calculated
K 0 0 0 3.645983 6.761074 1.414351 0 1.79811 0.894462 0.858407 0 138.0459 149.7117 0.57317 0 1.436014 1.461362 1.207836 1.112837 1.555412 1.084722 1.843043
P 18.6249 23.54084 11.83995 23.72819 20.37578 17.08866 18.7804 27.76581 21.20687 41.49226 0 21.29522 15.9524 27.82052 0 23.45293 33.18587 22.23082 26.40151 24.80748 24.8555 23.40886
Ti 7443.401 9058.903 9871.219 11425.52 13052.9 7543.488 6986.064 7477.237 7801.671 8644.925 0 8860.399 6591.632 10206.4 0 14068.3 13929.04 15709.22 11268.47 15408.28 9551.969 10893.44
C7 SV cores C7 SV rimsJJ3 SD cores JJ3 rims
Appendix D - Geochemical database of chapter 8
LA-ICP-MS analysis of segregation veins (SV), domains (SD) and host rock (HR) 
Clinopyroxene trace and rare earth elements (REEs):





spot \D5_01.d cpx1 D5\D5_07.d cpx2 D5\D5_10.d cpx3 D5\D5_13.d cpx4 D5\D5_16.d cpx5 D5\D _19.d cpx6 D5 \D5_09.d from plg to cpx\D5_18.d from plg to cpxJ20_01.d cpx1 J20J20_04.d cpx2 J20 c-rJ20_08.d cpx3 J20 c-rJ20_13.d cpx4 J20 c-rJ20_17.d cpx5 J20 c-rJ20_19.d cpx6J20 coreJ20_ 1.d cpx7 J20 c-rJ20_ 4.d cpx8 J20 c-r J20_16.d from plg to cpxJ20_26.d from plg to cpx
Trace elements (ppm)
Li 19.2876 10.36311 12.27273 18.71453 16.05031 13.71508 6.757773 7.858637 13.12419 10.39574 7.046672 7.843104 14.78736 16.42227 8.366126 7.107776 3.160308 6.049225
Be bdl 0.192616 bdl bdl 0.180144 0.176655 0.453597 0.610267 0.244385 0.235799 0.334837 0.338539 0.179785 0.209141 0.299644 0.421266 0.485784 0.558377
Sc 149.7711 114.451 95.98571 122.7207 119.9437 83.25584 52.69066 71.64867 104.7469 103.5523 70.99832 79.91972 127.6896 120.168 87.85707 66.45585 33.56807 44.44386
V 929.1717 860.5841 406.736 861.0472 900.3241 441.3504 284.3528 237.3059 306.9771 299.7527 78.13846 266.3313 893.8617 875.0508 115.4701 77.59965 59.03846 54.72331
Cr 978.3086 134.8364 bdl 770.7765 54.31279 bdl 5.314038 0.479407 0.292071 bdl bdl 0.531413 229.4663 247.9463 0.261858 bdl bdl bdl
Mn 1213.577 1337.713 1730.877 1231.005 1418 1709.798 922.908 1495.915 1833.716 1738.822 2230.696 1886.682 1313.036 1313.41 2163.15 2353.861 1034.479 1695.581
Co 45.26787 48.97718 50.08078 45.24234 50.45158 49.35958 27.44025 38.28443 48.3442 47.85716 46.84832 48.46367 47.99626 47.98579 46.9053 46.88034 23.62037 34.50828
Ni 158.7795 106.3017 51.72241 155.4266 85.82688 49.16794 28.06213 31.49099 38.87429 38.72999 19.25597 34.68302 115.1075 116.8542 21.43228 17.86766 12.59249 14.74325
Cu 2.64336 768.314 0.743198 0.724453 0.884632 1.363235 2.166367 7.89008 0.491586 0.427643 0.540309 0.4394 0.573336 0.966115 0.390547 0.76136 2.25556 10.7397
Zn 54.44104 65.48021 79.72353 51.6812 65.81383 80.2382 51.54437 83.79532 79.78892 76.98432 95.28189 82.94484 58.18506 57.05031 94.18903 99.6064 47.38133 77.39737
Ga 10.35515 9.605806 6.793524 9.997288 9.86286 8.894831 18.4543 12.12488 10.19665 9.239359 8.324686 9.252284 11.06986 9.855013 8.818045 8.99061 18.65778 15.26664
Ge 3.239226 3.406508 3.24091 3.052046 3.125901 3.417293 2.551323 3.07459 3.43933 3.532415 3.523599 3.427969 3.074239 3.209482 3.805738 3.733185 2.174504 2.674181
As 0.26981 0.300591 0.296729 0.26377 0.243673 0.261997 bdl 0.829956 0.280356 0.350261 0.342783 0.234909 0.336869 bdl 0.491448 0.199937 0.788093 0.366583
Rb 0.186792 0.285043 bdl bdl bdl 0.010153 1.299428 3.170645 0.013984 0.040717 0.023664 bdl bdl bdl 0.018396 0.74892 1.907449 2.11261
Sr 47.0341 47.3548 44.3013 43.80526 46.59766 49.45822 488.6341 200.2208 48.43714 52.07209 55.9014 51.94429 44.41288 44.54086 57.70921 55.15193 602.682 360.0442
Y 23.35979 19.076 21.9126 19.73269 21.0875 20.14162 14.83632 25.93686 34.49063 31.31345 46.20493 32.76966 22.10304 19.02531 47.98973 50.39534 15.27564 33.16684
Zr 71.263 50.82224 47.47591 56.15707 59.11101 56.97362 51.84408 876.2951 116.6934 102.2327 137.3908 95.06358 68.92924 56.48937 166.6315 161.5647 37.55434 119.0288
Nb 0.73429 0.343645 0.224025 0.37962 0.323114 0.346992 0.699562 12.7239 0.716716 0.543431 1.325426 0.579641 0.446907 0.361617 0.864092 1.7843 0.879414 2.798225
Cs 1.406847 1.921474 0.005801 bdl bdl 0.005727 7.261262 62.26946 0.089984 0.297721 0.446456 bdl 0.029184 bdl 0.098608 0.352316 4.966925 13.12614
Ba 0.236224 0.657269 0.053006 0.051059 0.055126 0.076596 182.3813 139.7733 0.055509 0.069248 0.051248 0.062166 0.040389 0.025414 0.083943 1.463166 302.1391 280.6936
La 4.947553 4.28813 4.944144 4.34558 4.832237 5.879064 5.245065 8.116868 8.223312 8.135361 13.22327 8.953357 4.516877 4.40264 14.32726 18.15195 5.915082 12.04545
Ce 16.0249 14.83362 17.01588 14.81172 16.03755 21.68028 13.98446 23.78682 26.61965 26.21349 42.17307 30.10139 14.77119 15.3022 44.24757 54.20509 14.59373 36.36149
Pr 2.851632 2.597224 3.087523 2.544577 2.853149 3.548468 2.322999 3.874444 4.663247 4.541627 6.932363 5.129069 2.581307 2.558326 7.238913 8.653296 2.264858 5.687129
Nd 15.37687 13.99877 16.29939 13.64559 15.38275 17.64789 11.52738 20.33868 25.03783 24.26103 36.00656 26.71729 14.30357 13.8967 37.9921 42.72114 11.50971 28.66277
Sm 5.112549 4.363834 5.142281 4.347475 4.701812 5.225426 3.517101 6.084834 7.909242 7.474752 10.71186 7.918491 4.679059 4.195422 11.41882 12.10888 3.678688 8.176253
Eu 1.403158 1.221955 1.333044 1.245861 1.350932 1.454022 1.880241 1.962565 1.838099 1.770673 2.20306 1.837021 1.270862 1.236994 2.298087 2.477538 2.369997 2.842736
Gd 6.039705 4.989473 5.839096 5.144767 5.402395 5.676916 3.767298 6.773093 8.993078 8.373075 11.86294 8.669083 5.489216 4.996416 12.39966 12.82876 3.886149 8.446015
Tb 0.880782 0.717931 0.850682 0.717996 0.805447 0.78171 0.562363 0.969005 1.319137 1.206326 1.764541 1.23532 0.816446 0.732885 1.835895 1.916708 0.573607 1.296331
Dy 5.200061 4.375301 5.007669 4.299737 4.742897 4.590588 3.408922 5.829998 7.663073 6.93073 10.23292 7.423267 4.915462 4.275238 10.74899 11.37292 3.37927 7.778144
Ho 0.967577 0.79522 0.889726 0.814138 0.888533 0.846448 0.600202 1.07041 1.399057 1.284242 1.91845 1.361958 0.902093 0.752195 1.998766 2.111403 0.630787 1.406669
Er 2.973622 2.121177 2.437259 2.242948 2.678822 2.626072 2.571071 6.173562 13.75126 64.14785 6.462708 3.412385 9.550449 1.937959 25.29425 5.548539 6.536613 57.80036
Tm 0.290376 0.243103 0.283439 0.239079 0.265698 0.257635 0.192337 0.335423 0.456972 0.446057 0.630691 0.416616 0.282117 0.237263 0.641037 0.71908 0.193103 0.494381
Yb 1.73473 1.445832 1.7078 1.515851 1.667272 1.656892 1.261194 2.099338 2.827363 2.48125 4.117206 2.697238 1.709138 1.480883 4.266354 4.614754 1.211774 3.27143
Lu 0.253372 0.209245 0.267549 0.207557 0.233309 0.232594 0.19342 0.323197 0.446709 0.369033 0.649971 0.418823 0.24857 0.205953 0.663995 0.741519 0.202039 0.510198
Hf 3.304667 2.419225 2.145083 2.913087 2.905264 2.704212 2.148188 21.37309 5.237385 4.799818 5.42304 4.009513 3.206392 2.830382 6.881255 6.902682 1.525555 4.959599
Ta 0.092026 0.045002 0.026388 0.072746 0.052236 0.046282 0.07905 0.444573 0.124915 0.076866 0.100321 0.073846 0.076971 0.052023 0.10576 0.160467 0.05886 0.207517
Pb 0.103949 0.550592 0.077399 0.070727 0.069425 0.088809 0.581955 1.59131 0.081495 0.090355 0.112444 0.098507 0.046449 0.039648 0.119 0.162572 0.610872 0.502608
Th 0.166515 0.050107 0.031711 0.061846 0.042706 0.036558 0.097044 5.048623 0.078185 0.065719 0.120278 0.071186 0.051096 0.046255 0.103579 0.341692 0.317839 0.626212
U 0.035786 0.007004 0.008512 0.009817 0.006925 0.011511 0.017916 0.646676 0.017011 0.014812 0.028173 0.016591 0.010454 0.00892 0.025954 0.072829 0.055726 0.153818
Calculated
K 10.51526 12.87654 #VALUE! 1.253613 1.424785 #VALUE! 0 1117.352 938.7288 0.819544 1.76366 3.148193 1.168311 1.040168 #VALUE! 0.766548 54.12613 0 1403.525 1182.412
P 30.3021 19.31756 16.19792 19.90975 16.48049 22.47258 0 22.49275 51.72564 26.89654 32.73874 36.54265 26.11262 13.29956 11.07957 75.60621 188.1293 0 29.36345 16.67258
Ti 10527.51 9995.018 8090.11 10369.06 11305.81 8776.403 0 6039.637 15955.06 11497.12 10104.17 7732.042 9121.711 12196.18 10241.89 8752.82 7838.219 0 3637.103 5406.857
J20 SV rimsD5 SV cores D5 SV rims J20 SV cores







spot JJ4-03.d cpx1 JJ4JJ4-05.d cpx2 JJ4JJ4_08.d cpx3 JJ4JJ4_11.d cpx4 JJ4 JJ4_14.d cpx5 JJ4JJ4_16.d cpx6 JJ4JJ4_19.d cpx7 JJ4 PG-026.d cpx1 E3 corePG-027.d cpx2 E3 corePG-029.d cpx3 E3 corePG-031.d cpx4 E3 core PG-028.d cpx2 E3 rimPG-032.d cpx4 E3 rim \PG-09.d cpx1 E15 core\PG-11.d cpx2 E15 core\PG-13.d cpx3 E15 core\PG-12.d cpx2 E15 rim\PG-14.d cpx3 E15 rim
Trace elements (ppm)
Li 21.62418 14.27439 5.091368 17.2831 14.20847 8.929284 7.881194 9.265997 11.81933 7.631002 8.984871 11.03275 7.345514517 11.49919 20.57139 12.77106 12.7526 11.12912534
Be 0.29318 0.128636 0.431286 0.217175 0.337081 0.417696 0.325532 0.234647 0.127731 0.277318 0.112557 0.659531 0.156049306 bdl 0.181803 0.125795 0.403633 0.263491726
Sc 151.8969 121.4153 39.96627 123.3485 119.759 60.90533 59.21333 158.0143 121.0399 62.1646 150.9312 97.17543 131.1672912 147.3496 179.88 165.1498 163.3501 129.7934976
V 1092.79 837.5504 103.3496 1020.446 954.3511 356.1837 235.9052 843.7203 805.6955 440.9396 835.6588 757.629 764.495555 851.5203 897.5842 811.9109 774.785 615.7546833
Cr 237.8578 84.08712 0.293282 153.3382 163.5026 bdl 0.154669 1743.566 399.8042 18.39652 499.5217 62.34546 377.6589786 547.388 6778.046 1928.724 3787.911 2357.004585
Mn 1263.819 1288.101 2348.683 1257.426 1225.729 1785.301 1962.82 984.0656 1037.508 1161.516 1025.618 1049.737 956.1710287 1075.876 1027.965 1008.917 990.2425 1099.564586
Co 44.50402 46.34229 46.38038 46.2936 47.716 44.99955 45.34432 42.4524 44.9238 43.01879 43.2221 41.61763 40.3262575 45.23611 43.13723 45.21696 42.72038 50.72407364
Ni 118.477 106.5442 23.8505 113.564 211.2851 48.39472 36.65055 174.0492 166.7559 145.715 163.9223 148.8083 147.6753599 167.7924 180.5091 178.1705 178.7618 246.1600575
Cu 0.884122 0.827343 4.881442 0.901814 314.7286 1.044655 4.324995 0.644311 40.84534 0.423093 0.550518 1.157326 0.80725118 0.437743 0.629699 0.400993 0.428294 3.649584607
Zn 57.423 58.00655 103.4229 60.38087 61.30158 79.6684 84.30221 40.09776 48.94113 56.07905 41.80082 51.30113 41.85159791 45.20391 39.36614 41.09285 39.14018 52.41389415
Ga 17.70344 11.62909 10.80304 14.95427 14.51517 11.93228 12.2228 12.21017 13.81179 11.22516 11.82626 16.05718 12.66815391 12.27947 13.8862 10.56418 11.58957 13.68304265
Ge 3.225561 3.024651 4.400119 3.483279 3.288575 4.082376 3.834966 2.897884 3.17047 3.052603 3.156482 3.164753 2.914807865 3.175022 3.336671 3.091429 2.969203 2.775248584
As 0.282492 0.235301 0.443005 0.295751 2.304398 0.152799 0.182406 0.245286 8.090715 0.211917 0.180038 0.269749 0.253561041 0.157651 0.188349 0.185925 0.207183 0.287608491
Rb 0.01096 bdl 0.058326 bdl 0.280068 0.020448 0.017257 0.05454 0.134112 bdl bdl 4.570159 0.344014873 bdl bdl bdl 0.642216 0.393604554
Sr 41.67817 41.23474 56.19195 43.0543 42.12101 47.60281 51.99545 40.10714 45.47935 44.25189 43.72143 54.28822 90.89267114 39.46966 34.38886 38.51567 82.40535 32.7393706
Y 34.97562 24.44181 72.03716 25.69751 26.28301 32.47189 46.18946 19.57978 25.196 32.52763 20.78293 31.11853 20.07828574 21.33265 20.69996 18.02734 17.43066 13.82300186
Zr 139.3651 77.26278 289.6883 84.7843 90.50826 113.4961 165.4543 66.72483 86.15848 96.2363 74.04401 117.4055 69.68154208 64.86868 65.677 53.38389 55.92382 35.14813739
Nb 1.351461 0.594252 2.489334 0.75195 0.986639 0.96415 1.47686 0.57349 0.873705 0.869604 0.591716 1.238949 0.666807055 0.526475 0.626447 0.394956 0.555754 0.426237508
Cs bdl 0.041853 0.636165 0.005116 0.894124 0.010066 0.654654 bdl 0.016975 bdl bdl 0.012631 bdl bdl bdl bdl 0.016808 0.05403041
Ba 0.036014 0.046302 0.137798 0.064637 4.413897 0.107496 0.118486 0.099775 0.0607 0.057947 0.034409 15.4971 10.6770051 bdl 0.023212 0.017666 2.170439 0.172599183
La 7.875355 5.72929 28.5889 6.47464 6.498436 11.55786 15.59659 4.606758 6.814704 8.823081 5.223463 8.369608 5.239058921 4.890086 4.191298 3.846429 3.762254 2.955965502
Ce 25.06353 19.1737 85.14623 22.72921 22.19948 43.69629 50.91771 14.62009 21.00181 28.37729 16.64902 26.52041 16.2398755 15.48635 13.6661 12.36063 12.19292 9.239984258
Pr 4.253065 3.279597 13.00253 3.686089 3.685279 6.381703 8.097691 2.424249 3.467965 4.79018 2.768215 4.459053 2.693518453 2.571112 2.374899 2.076176 2.035338 1.567835017
Nd 22.83481 17.42513 62.25699 18.94932 19.18816 30.31125 39.14532 13.39902 18.28733 25.3916 14.94751 23.20615 14.20908103 14.05844 12.39037 11.80276 10.94222 8.519702394
Sm 6.986708 5.123175 16.52188 5.740937 5.845287 8.4456 11.10021 4.069064 5.495425 7.30085 4.401434 6.878575 4.339549602 4.478981 3.998155 3.575028 3.488937 2.792079609
Eu 1.970206 1.517618 3.28684 1.656899 1.69234 2.08089 2.536954 1.210441 1.560052 1.90339 1.298625 1.892114 1.348402788 1.263867 1.188688 1.086924 1.048969 0.817077355
Gd 8.348045 6.104011 17.24318 6.263639 6.449641 8.529278 11.74525 4.995343 6.429058 8.41541 5.198041 7.79007 5.00204224 5.160102 4.905809 4.408011 4.244 3.224092861
Tb 1.276744 0.897473 2.654882 0.932189 1.001842 1.272034 1.730084 0.730798 0.91477 1.182597 0.75819 1.121826 0.720814992 0.755022 0.758301 0.653597 0.584966 0.478101764
Dy 7.619335 5.374171 16.03666 5.760269 5.820432 7.471784 10.37457 4.487338 5.612105 7.192327 4.613939 7.04199 4.38533072 4.813894 4.483396 3.917983 3.873035 3.141172273
Ho 1.432688 1.003632 3.039047 1.054086 1.091415 1.382286 1.914611 0.842035 1.039998 1.345655 0.841851 1.266884 0.850542253 0.884906 0.852913 0.731173 0.71087 0.572267735
Er 3.754339 3.003108 8.99518 2.70421 3.915759 4.455199 5.048651 2.116162 2.622053 3.396241 2.145501 3.286627 2.100390749 2.157556 2.209052 1.914678 1.822944 1.481684163
Tm 0.466897 0.326116 1.106577 0.341634 0.333184 0.455998 0.658851 0.25988 0.329296 0.42528 0.265677 0.422985 0.26023421 0.265272 0.28594 0.23586 0.225835 0.189009271
Yb 2.869396 2.028133 7.859949 2.113135 2.17044 3.060232 4.280355 1.687176 2.128022 2.671517 1.70139 2.460019 1.644371103 1.788715 1.682995 1.452725 1.398832 1.080060396
Lu 0.394007 0.290359 1.323171 0.299998 0.298122 0.45381 0.663236 0.226479 0.285358 0.417804 0.24776 0.359367 0.219163129 0.244936 0.225164 0.224027 0.21271 0.174590243
Hf 6.541752 3.686612 10.83098 4.074151 4.400604 4.844087 7.104164 3.348747 4.134869 4.062413 3.656709 5.406476 3.359721051 3.288021 3.334751 2.912639 3.00173 1.785104062
Ta 0.267567 0.101077 0.332681 0.130516 0.160912 0.135413 0.225485 0.120982 0.142364 0.12762 0.10638 0.24104 0.097924911 0.102968 0.109165 0.068366 0.101915 0.051062462
Pb 0.053982 0.159377 0.374064 0.054306 4.213198 0.112084 0.141414 0.049059 7.401242 0.065445 0.034772 0.129544 0.077090835 0.041825 0.034599 0.038036 0.072456 0.172154477
Th 0.151855 0.068415 0.481998 0.095737 0.139721 0.091551 0.172434 0.083194 0.088966 0.101003 0.07861 0.139715 0.084554612 0.089545 0.130881 0.051792 0.074461 0.059813053
U 0.020901 0.01451 0.04748 0.013274 0.03484 0.020631 0.031233 0.013774 0.028781 0.011419 0.008527 0.025424 0.012100597 0.010948 0.018819 0.008961 0.014942 0.012072132
Calculated
K 1.466765 1.16884 6.067931 1.032425 26.74313 3.712647 4.802808 14.42028 21.66082 0.880583 0.834892 0 1178.533 140.646005 0 1.117379 0.831746 0.764926 0 202.8715 41.23474363
P 19.306 11.62609 11.36791 16.96683 23.1651 23.93553 25.5464 14.78434 18.22679 22.14551 14.90803 0 18.15035 15.30525461 0 16.65387 17.60648 13.99226 0 17.25796 15.8113405
Ti 19554.16 12685.53 7766.611 14449.08 14566.54 9604.523 10262.98 10924.94 13179.37 11948.71 11140.2 0 16323.43 10529.70596 0 11012.61 11081.69 8827.988 0 9045.359 6540.160712
E3 (620m) HR rims E15 (654m) HR cores E15 (654m) HR rimsJJ4 SV cores JJ4 SV rims E3 (620m) HR cores






spot PG-059.d cpx1 J12 corePG-061.d cpx2 J12 corePG-063.d cpx3 core.d  PG-060.d cpx1 J12 rimPG-06 .d cpx2 J12 rimPG-064.d  cpx3 rim.d  F10_01.d cpx1 coreF10_03.d cpx2 coreF10_05.d cpx3 core F10_02.d cpx1 rimF10_04.d cpx2 rimF10_06.d cpx3 rim F11_02.d cpx1 F11 coreF1 _05.d cpx2 F11 coreF11_07.d cpx3 F11 core F11_04.d cpx1 F11 rimF1 _06.d cpx2 F11 rimF11_08.d cpx3 F11 rim G15_01.d cpx1 coreG15_03.d cpx2 coreG15_05.d cpx3 core G15_02.d cpx1 rimG15_04.d cpx2 rimG15_06.d cpx3 rim
Trace elements (ppm)
Li 13.07797 12.7345 11.76914 11.51602 7.000136 10.58225 14.96405 13.20573 16.24884 11.26321 12.93041 11.85392 4.619845 5.801823 5.493368 5.06993 5.87296 5.888898 13.07745 22.94967 20.01055 8.360879 5.947239 9.866722
Be bdl 0.159025 0.100162 bdl 0.410368 0.810803 0.137661 0.064433 0.050972 0.321062 0.721785 0.469774 0.129926 0.528654 0.085486 0.274031 0.262536 0.596513 0.248234 0.316702 0.343512 0.679738 0.709055 0.438478
Sc 144.2197 137.6569 149.7187 156.8245 128.0475 130.1752 143.0552 119.4742 138.3344 74.31637 96.43573 90.59069 108.8089 71.3097 124.607 113.2734 68.50053 55.72867 109.5153 156.9635 166.2535 52.52787 68.78827 121.7352
V 585.1722 933.6483 831.5563 831.9858 910.7421 791.3425 820.2004 807.8647 798.2893 550.2178 679.6661 668.5592 654.0536 225.3961 775.8909 781.5596 218.9716 122.7558 1045.407 1200.42 1070.541 338.9191 536.2162 954.8766
Cr 3085.339 344.547 1342.737 3184.124 248.1142 471.4157 6746.704 418.1736 7204.444 23.0057 85.39176 32.9547 22.91239 3.742847 863.4663 661.1466 3.317106 2.411047 254.0957 1359.73 1454.907 8.607299 29.31227 266.9968
Mn 1130.207 1142.1 1073.487 1056.958 1160.723 1068.455 976.8992 1165.995 985.7319 1370.97 1338.742 1302.176 1406.227 1756.225 1120.104 1172.51 1758.453 1923.793 1462.664 1186.764 1161.452 1723.88 1682.179 1289.645
Co 46.72917 45.38754 44.73865 44.64785 44.174 42.76094 39.69858 43.31783 40.06262 41.17021 42.07591 42.07848 46.81844 45.09286 44.34021 46.02529 44.42946 43.04462 49.5467 45.77018 44.17047 46.50716 49.16486 46.19273
Ni 193.7708 162.9605 177.0755 187.1244 154.1664 162.4204 187.357 161.4491 184.7558 119.3332 131.6826 140.1321 105.9721 65.72864 141.089 126.7836 64.1176 48.1346 83.94114 104.9609 104.7695 62.65264 65.62496 87.93057
Cu 0.439577 0.477157 0.41067 0.533786 3.639573 3.315885 0.553213 0.538625 2.754668 1.646481 0.410111 0.522442 1.228601 1.618132 0.399728 6.010655 0.926716 2.902738 1.122797 1.831283 2.074728 0.509113 2.436933 1.045156
Zn 42.60889 51.89691 42.57819 41.82015 53.10846 46.5974 40.67753 52.60841 42.58346 74.59672 67.87644 65.11293 70.24936 87.43336 50.10092 56.53927 87.91876 100.9804 71.97294 51.85366 48.26458 82.06894 85.88271 57.95586
Ga 6.527974 14.99276 11.16865 10.99582 15.70633 12.52989 10.65199 8.979436 10.10124 12.66857 13.14995 11.7919 9.78939 8.211985 8.121433 8.719923 7.984037 9.756 17.87818 15.75162 14.17826 14.7099 16.75532 14.59033
Ge 2.772927 3.116887 2.983893 3.127839 3.171893 2.987998 2.881185 3.164948 3.103647 3.458877 3.39075 3.262085 3.321683 3.510601 2.820543 3.028378 3.615292 4.018915 3.059636 3.116026 3.163299 3.296718 3.299922 3.016611
As 0.188787 0.248538 0.158625 0.192862 0.286161 0.333218 bdl 0.158835 0.190037 bdl bdl bdl bdl 0.389956 bdl 0.240677 0.322136 0.721383 0.217731 bdl bdl bdl 0.220937 bdl
Rb bdl bdl 0.082507 bdl 1.364753 3.200486 0.013898 bdl 0.3026 0.295562 0.037203 1.488151 0.019039 0.119857 0.051177 0.336674 0.027431 0.197682 0.05083 0.051397 0.020479 0.156999 0.169434 0.212487
Sr 30.35301 38.02085 36.17783 34.87698 42.81969 45.18517 40.16602 43.08639 41.85741 46.92873 48.43342 46.30993 49.33179 50.9886 42.88698 42.33726 48.48189 51.42123 80.13455 54.31309 40.62795 59.69374 50.60869 82.84952
Y 14.22827 26.27409 19.32791 19.04955 27.8988 20.38632 15.7365 17.61163 15.06622 46.94403 33.79402 27.14603 23.5013 45.91319 15.18438 14.99133 46.20599 72.61754 27.86639 23.07075 27.44311 44.14507 38.49697 26.46451
Zr 30.78499 88.30981 53.88912 52.01511 99.14191 59.41958 50.34283 50.60203 45.02191 153.9879 114.3145 81.89304 62.33885 111.7209 38.6218 38.68323 110.6076 240.5824 129.1573 114.8391 108.5284 162.6911 203.4009 102.6607
Nb 0.179274 0.718195 0.386964 0.339925 0.990204 0.681265 0.361374 0.318605 0.33717 1.249288 0.900372 0.60839 0.467127 0.971369 0.317372 0.498753 0.650164 1.334283 2.367908 2.76957 1.662272 3.206572 4.859151 2.377416
Cs bdl bdl bdl bdl bdl 0.015828 0.002148 bdl 0.006265 0.007733 bdl 0.053133 0.178551 2.565666 0.538373 3.682993 0.105576 5.055956 bdl bdl bdl bdl 0.008799 0.00709
Ba 0.025572 0.027304 0.082482 0.028976 8.332434 21.44185 0.036346 0.024842 0.640417 3.374688 0.064141 0.031429 0.06632 0.108256 0.056623 0.140617 0.081135 0.665227 13.5094 5.570038 0.243077 4.464859 4.915549 11.16731
La 2.360382 5.312358 3.929489 3.551879 6.152185 4.50541 3.221425 3.974031 3.182984 14.64439 9.095234 6.737201 5.526893 13.48226 3.134527 3.234597 13.5228 27.9316 9.490888 6.534022 7.698155 19.27978 15.72319 7.299164
Ce 8.037672 17.38638 12.72072 11.62737 19.77494 14.06617 10.80053 13.72153 10.75393 48.81509 29.52384 22.73625 18.26906 42.24614 10.66413 10.79697 42.76352 82.11915 31.33956 21.84221 22.84747 58.46958 44.76413 21.9764
Pr 1.44978 2.948692 2.141508 1.97734 3.376917 2.320662 1.883856 2.375603 1.883899 7.994501 5.029546 3.921662 3.199521 7.089295 1.860548 1.911989 7.169361 12.71552 4.852439 3.470337 3.701087 8.918507 6.860578 3.517238
Nd 7.991376 16.02379 11.85032 11.21528 18.22479 13.24356 10.65421 12.95482 10.65207 40.53839 27.57189 21.40665 17.25385 36.39064 10.67624 10.05402 36.64927 62.18081 24.4578 18.43488 19.99489 42.63277 34.12728 19.16855
Sm 2.714468 5.210138 3.932044 3.644998 5.494899 4.083315 3.504446 4.242304 3.507609 11.66016 8.223048 6.580245 5.475115 10.74302 3.388306 3.152742 10.78223 17.11367 6.791096 5.316306 5.627343 11.56378 8.979913 5.601238
Eu 0.797684 1.44014 1.13223 1.069232 1.584483 1.171786 1.041934 1.175191 1.030809 2.512655 2.059566 1.801708 1.424171 2.186777 0.94886 0.981276 2.193495 2.832711 1.904201 1.523524 1.627463 2.667872 2.255274 1.532085
Gd 3.376243 6.459422 4.486134 4.468161 6.736588 4.853638 4.024056 4.756621 3.903058 12.65529 8.865006 7.206853 6.379096 11.67059 3.779617 3.796604 11.7993 18.29739 7.255664 5.817444 6.442275 11.76529 9.816568 6.132349
Tb 0.499197 0.915969 0.709349 0.658745 0.971339 0.74291 0.583056 0.638759 0.573806 1.812223 1.335424 1.054604 0.895557 1.714503 0.549831 0.559855 1.728719 2.790906 1.018195 0.844656 0.971086 1.622771 1.388546 0.945107
Dy 3.119906 5.9902 4.323435 4.348387 6.117922 4.51076 3.580487 3.989759 3.460743 11.20411 7.961878 6.261404 5.411105 10.36469 3.488144 3.416812 10.64279 16.92756 6.185861 5.113476 6.154451 9.954823 8.706374 5.934794
Ho 0.585638 1.087419 0.791954 0.784352 1.171689 0.863721 0.621662 0.710774 0.589238 1.948087 1.351373 1.093327 0.953137 1.925763 0.610997 0.623229 1.933815 3.100017 1.130476 0.936059 1.102797 1.733179 1.537056 1.082789
Er 1.47025 2.837114 2.031398 2.095557 2.968001 2.162148 1.660956 1.840567 1.6165 5.104922 3.486622 2.770654 13.29333 14.99767 1.997886 22.73986 28.98275 12.54594 2.987028 2.376138 2.849387 4.786143 4.108482 2.837841
Tm 0.18621 0.351777 0.259461 0.266457 0.365749 0.289022 0.206682 0.22066 0.191801 0.619464 0.432651 0.346407 0.288163 0.625019 0.187284 0.190798 0.655059 1.10295 0.371873 0.307122 0.341314 0.593868 0.509632 0.359186
Yb 1.147431 2.159847 1.626415 1.607549 2.36883 1.649216 1.234401 1.393958 1.188577 4.011952 2.675387 2.260194 1.897604 4.212773 1.196627 1.25088 4.128825 7.145496 2.55943 1.983513 2.259855 3.894826 3.68543 2.31586
Lu 0.176981 0.31596 0.224281 0.220184 0.33491 0.244383 0.169477 0.190371 0.166605 0.599269 0.396357 0.296161 0.274165 0.65646 0.168124 0.172156 0.690808 1.185877 0.333731 0.278376 0.348937 0.58053 0.544569 0.326256
Hf 1.653159 4.412976 2.884985 2.637099 4.646337 3.022663 2.481359 2.476527 2.284901 6.438874 5.268356 3.736417 2.898559 4.475759 1.950777 1.885193 4.531006 9.786642 5.313175 5.146318 4.689174 6.037095 7.555195 4.535954
Ta 0.020311 0.141795 0.075444 0.077714 0.162883 0.094683 0.064402 0.041336 0.052557 0.153584 0.135005 0.085296 0.060855 0.080174 0.04078 0.045769 0.061835 0.141712 0.358893 0.384919 0.323241 0.410978 0.533725 0.242728
Pb 0.037122 0.044963 0.036497 0.045844 0.559072 0.298132 0.050649 0.053439 0.065201 0.168536 0.077979 0.089142 0.159875 0.317474 0.101877 0.67229 0.155369 0.238971 0.082153 0.059093 0.05878 0.117767 0.166683 0.132478
Th 0.024321 0.078114 0.055862 0.066309 0.109345 0.089518 0.051596 0.037441 0.0564 0.130538 0.087447 0.061437 0.195409 0.115669 0.045981 0.070216 0.056112 0.18809 0.265399 0.270226 0.225607 0.449742 0.603602 0.332071
U 0.005219 0.011643 0.012043 0.008308 0.018315 0.014588 0.010129 0.006399 0.00866 0.026983 0.016241 0.012415 0.011606 0.017709 0.00838 0.011125 0.01387 0.030864 0.071476 0.056313 0.030842 0.084493 0.145295 0.083199
Calculated
K 0.728201 1.04722 6.205652 0 1.454791 725.8986 1604.005 0 2.667181 0.681683 103.8204 0 69.54625 4.720113 15.50442 1.336943 3.227388 2.766417 0 13.67029 2.790267 24.82067 0 6.151522 4.492453 2.705594 0 35.47116 33.11774 91.33237
P 15.14833 17.25462 17.07536 0 12.22439 22.22083 15.79297 0 12.72557 18.58819 11.79565 0 27.26348 29.9526 25.39725 18.6212 9.527006 10.97453 0 7.494619 13.92066 56.54088 0 49.33022 33.95631 55.31767 0 116.9709 146.7515 35.37556
Ti 5976.7 14812.05 9936.74 0 9611.561 15589.5 10500.73 0 9254.67 9707.943 8517.433 0 12351.9 13920.94 12950.73 10593.52 8156.849 8329.121 0 8531.367 7950.722 7426.049 0 18474.46 16743.7 14812.38 0 13656.68 17795.05 13615.25
F10 (720m) HR rims F11 SV cores F11 SV rims G15 (491m) HR cores G15 (491m) HR rimsJ12 (660m) HR cores J12 (660m) HR rims F10 (720m) HR cores







spot J13_01.d cpx1 coreJ13_03.d cpx2 coreJ13_05.d cpx3 core J13_02.d cpx1 rimJ13_04.d cpx2 rimJ13_06.d cpx3 rim J16_01.d cpx1 coreJ16_03.d cpx2 coreJ16_05.d cpx3 core J16_02.d cpx1 rimJ16_04.d cpx2 rimJ16_06.d cpx3 rim \E6_01.d cpx1 core\E6_03.d cpx2 core\E6_05.d cpx3 core \E6_02.d cpx1 rim\E6_04.d cpx2 rim\E6_06.d cpx3 rim E16_01.d cpx1 coreE16_03.d cpx2 coreE16_05.d cpx3 core
Li 10.68601 10.57247 8.92435 9.845935 9.274456 6.831945 19.70701 14.70946 15.84793 12.28133 19.24113 8.693663 10.34012 12.69508 12.79075 9.803687 12.54742 16.56198 11.24247 13.28634 19.7826
Be 0.608135 0.138367 0.328157 0.250802 0.725743 2.718166 0.234195 0.144939 0.282112 1.021866 0.450328 0.883638 0.494132 0.070133 0.158099 0.659098 0.545565 0.449728 0.0805 0.464215 0.202542
Sc 67.2833 108.1246 88.92609 73.36594 104.7211 18.36461 109.998 106.6708 94.11859 88.03575 99.55407 72.28837 137.3879 141.1102 134.528 128.7501 121.4191 137.2782 128.3887 107.5495 136.8886
V 332.8995 720.4623 682.7847 367.256 655.4627 20.48466 919.1632 901.0002 576.3364 521.9661 921.4465 288.0555 895.9613 863.9387 856.4184 857.3935 740.2745 826.0063 727.3247 972.5612 887.363
Cr 0.266784 596.4021 40.45285 bdl 7.496785 bdl 161.3695 500.0628 0.976427 0.356942 103.665 bdl 494.8473 3220.378 1905.017 378.7234 2355.693 4426.152 805.6383 183.7865 2961.044
Mn 1979.843 1248.823 1650.286 1783.435 1519.54 2706.053 1373.351 1330.709 1645.21 1653.522 1416.55 1895.591 1129.018 1038.511 1061.94 1119.11 1153.591 1022.417 1184.905 1180.048 1002.146
Co 49.43213 45.87614 50.57307 49.42415 48.10231 43.43953 49.15148 47.01786 48.49405 48.07586 49.76384 48.61247 42.15184 41.83878 42.4202 41.53423 52.05323 41.53054 44.63073 44.92566 41.35767
Ni 66.1425 136.4425 95.79927 81.901 100.5719 15.71162 104.2251 130.3114 58.92133 54.75359 96.84525 50.80882 158.0564 178.2116 174.023 152.6314 223.8724 189.9869 129.4974 117.6585 144.5802
Cu 4.11849 4.826052 3.452514 5.358923 12.22004 2.757938 1.047113 0.805099 1.54981 2.444295 1.049665 17.68226 0.441616 1.193501 1.383518 1.878014 5.224144 12.15802 4.553028 0.65097 0.786506
Zn 101.3244 55.44668 84.56932 87.00357 88.28858 184.9972 63.90524 57.71732 76.43207 79.80179 65.33173 88.02572 48.64399 43.07486 44.62925 48.96282 57.33879 41.30891 46.96333 54.05687 44.04095
Ga 11.53899 7.461724 11.88087 7.643084 11.02507 19.70676 10.4512 10.55946 10.22508 10.50443 10.95377 7.002808 11.76456 10.79969 10.79281 11.73563 11.55188 11.77642 9.327123 16.01161 13.62629
Ge 3.734141 3.133705 3.609955 3.391945 3.501172 6.188361 3.171209 3.148106 3.281724 3.445363 3.234561 3.282719 2.901147 3.120779 3.080299 3.025178 2.848629 3.200203 2.816538 3.080552 3.356079
As bdl 0.248083 bdl 0.254841 bdl 0.810177 bdl 0.261339 0.315017 bdl 0.27244 0.49537 bdl bdl bdl 0.22222 0.243795 0.189235 bdl 0.28503 bdl
Rb 0.277665 0.166697 0.26492 0.045245 0.237042 0.336338 0.046289 0.022206 bdl 0.159199 0.12717 2.564886 0.227558 0.054036 0.047306 1.286605 1.275709 0.661914 0.16818 0.258691 0.233483
Sr 50.51477 42.55855 60.50764 42.4609 50.66755 33.40403 48.00453 45.18428 51.70633 52.02015 45.84161 49.05989 40.56653 35.51512 37.66665 52.2548 93.11942 49.83501 43.85353 49.79502 43.31132
Y 32.47004 14.36432 21.95818 22.11727 23.22681 106.4527 18.71933 18.60209 25.25837 25.44986 17.64534 26.78933 21.05852 15.35981 16.07945 20.17466 12.56258 14.39877 19.16099 23.20895 16.56837
Zr 99.32359 33.41083 67.94971 48.51494 69.28542 1043.368 57.7344 56.11002 76.60489 86.21068 56.99641 66.47502 67.49414 45.23452 46.03872 68.31639 37.21229 44.52033 69.4775 108.7896 77.35454
Nb 0.790441 0.265453 0.545022 0.694224 1.101502 7.392564 0.404389 0.389022 0.508943 2.975267 1.102138 1.666462 0.538004 0.393272 0.382999 1.037927 0.428507 0.508763 1.399247 1.597093 1.40496
Cs 1.13979 8.405752 1.500184 2.420589 3.304425 3.584174 0.583826 0.168739 0.014098 2.352465 1.72252 7.677807 0.025843 0.008571 0.007612 0.107343 0.020324 0.0646 bdl 0.027694 0.013065
Ba 0.176147 0.102179 0.133203 0.1393 0.560615 0.223812 0.077721 0.074803 0.068859 0.254683 1.715626 1.729777 0.05152 0.043962 0.045276 1.521835 4.335772 1.350183 1.242578 0.040564 0.572351
La 10.31538 3.013092 5.939046 5.782077 5.541333 69.2322 4.809747 4.738558 7.042883 8.184187 4.796786 8.067466 4.733381 3.239267 3.641794 4.624441 2.947812 3.172208 5.340124 7.591142 5.547111
Ce 39.22317 10.63315 20.89135 22.22721 18.6888 212.1106 16.90413 16.63652 24.11009 26.65831 16.51876 26.09115 15.14038 11.15812 12.43157 14.64064 10.11959 10.83256 16.94619 25.59751 20.71057
Pr 6.22888 1.856903 3.634576 3.634073 3.286595 29.37502 2.806626 2.80474 4.17437 4.3244 2.787506 4.238628 2.563826 1.889547 2.148005 2.452031 1.654065 1.844901 2.811742 4.098011 3.046489
Nd 30.77744 10.25949 17.87701 19.51486 17.7635 124.535 15.28477 14.67725 22.02141 23.28106 14.44147 23.09814 14.50206 10.2219 11.28066 13.61337 8.72165 10.02468 15.21902 20.45071 15.61588
Sm 8.873474 3.282399 5.684155 5.779281 5.240952 30.54373 4.666204 4.620968 6.508192 6.719288 4.354642 6.880294 4.525525 3.361793 3.684871 4.283776 2.914422 3.045446 4.489898 5.792969 5.011911
Eu 2.081759 0.94247 1.440734 1.433206 1.435998 2.002414 1.313291 1.293919 1.698523 1.702608 1.241424 1.647789 1.334438 0.980882 1.08382 1.257087 0.857659 0.934296 1.325944 1.686579 1.23758
Gd 9.154531 3.736621 5.920003 6.190032 6.009619 27.22622 5.210494 4.995317 6.83388 7.334292 4.659971 7.443718 5.338055 3.652598 4.185296 4.972211 3.139213 3.586481 5.106561 6.196232 4.707534
Tb 1.316486 0.53587 0.863596 0.897699 0.865481 4.178147 0.730035 0.712977 1.02928 1.011907 0.698276 1.03652 0.76388 0.569362 0.608571 0.768746 0.452295 0.512089 0.730174 0.874829 0.607449
Dy 7.930997 3.276125 5.074386 5.020134 5.170632 25.35749 4.367059 4.206338 5.894442 6.032887 4.126413 6.384478 4.801929 3.457298 3.69298 4.499112 2.896374 3.295401 4.380911 5.349439 3.652354
Ho 1.350977 0.580628 0.873925 0.881547 0.92615 4.460013 0.752956 0.739377 1.05053 1.071838 0.707738 1.107345 0.83449 0.624546 0.644749 0.838532 0.544318 0.576896 0.787731 0.944555 0.670206
Er 4.330362 3.800115 4.553163 3.279427 5.105544 14.2645 2.243295 2.045721 2.718456 2.970264 1.889443 3.254624 2.169424 1.619461 1.766022 2.180223 1.42503 1.579385 2.061536 2.473979 1.776428
Tm 0.442425 0.178135 0.277674 0.277806 0.282287 1.959689 0.227957 0.228061 0.312015 0.323662 0.208386 0.330725 0.276653 0.196734 0.207288 0.261083 0.161648 0.184002 0.248844 0.303763 0.209261
Yb 2.934519 1.145876 1.816951 1.81253 2.035233 16.20129 1.453926 1.428546 1.975642 2.016764 1.444238 2.240957 1.740919 1.242868 1.379637 1.66857 1.052927 1.167204 1.522657 2.038938 1.375753
Lu 0.41036 0.157692 0.23965 0.270866 0.291006 2.890037 0.197697 0.197046 0.286297 0.280195 0.173842 0.324533 0.238357 0.186368 0.189303 0.233291 0.152358 0.171489 0.216906 0.267866 0.19749
Hf 4.301056 1.589137 3.031664 2.132065 3.204152 33.71623 2.646809 2.82194 3.435234 3.555326 2.476728 2.683254 3.391347 2.180571 2.369671 3.266053 1.829238 2.210987 3.280547 4.663897 3.643434
Ta 0.084836 0.034727 0.068292 0.03803 0.090879 1.023936 0.05286 0.063615 0.060513 0.200576 0.092937 0.121369 0.092579 0.05903 0.058853 0.105978 0.054029 0.070898 0.13159 0.274303 0.248561
Pb 0.211668 0.19356 0.133361 0.185184 0.839363 0.380957 0.082873 0.076194 0.129912 0.177785 0.097026 0.275419 0.095121 0.08048 0.100638 0.166098 0.183475 0.308251 0.068371 0.24697 0.093079
Th 0.079318 0.066034 0.044603 0.033801 0.070198 0.361117 0.045784 0.06685 0.059515 0.178385 0.075483 0.300848 0.066764 0.051309 0.050009 0.188562 0.054143 0.069284 0.129819 0.194893 0.134137
U 0.020398 0.00935 0.020763 0.020636 0.060429 0.073465 0.012055 0.011605 0.014418 0.147301 0.05578 0.089591 0.012747 0.008772 0.011771 0.040156 0.016824 0.016196 0.031045 0.032204 0.019435
Calculated
K 19.00796 9.298104 19.78954 #VALUE! 9.368933 25.81902 12.23309 0 5.267249 4.669548 2.224827 0 27.62573 73.51923 137.3388 9.646836 4.027546 8.654716 0 120.4661 324.4911 120.2125 0 22.73674 13.64835 11.37613
P 30.56836 16.84702 15.83471 #VALUE! 27.50197 21.25359 3.988816 0 23.96716 19.93247 21.79698 0 30.47647 14.30024 39.82579 17.1794 14.64152 13.57361 0 16.26087 15.87916 17.16781 0 35.92441 28.30475 43.4806
Ti 8342.869 7761.814 10118.61 #VALUE! 6699.013 11328.09 7965.909 0 10856.54 10668.26 10813.02 0 10701.44 11299.59 6990.619 11750.1 9084.735 8967.367 0 11664.85 7465.938 8637.954 0 9774.633 15116.22 11383.08
Trace elements (ppm)
J13 SV rims J16 SV cores J16 SV rims E6 (635m) HR cores E6 (365m) HR rims E16 (683m) HR coresJ13 SV cores







spot E16_02.d cpx1 rimE16_04.d cpx2 rimE16_06.d cpx3 rim \SP_01.d cpx1 core\SP_03.d cpx2 core\SP_05.d cpx3 core \SP_02.d cpx1 rim\SP_04.d cpx2 rim\SP_06.d cpx3 rim 605_01.d cpx1 core605_03.d cpx2 core605_05.d cpx3 core 605_02.d cpx1 rim605_04.d cpx2 rim605_06.d cpx3 rim 600_01.d cpx1 core600_03.d cpx2 core600_05.d cpx3 core 600_02.d cpx1 rim600_04.d cpx2 rim600_06.d cpx3 rim
Li 7.779854 9.975946 7.99591 9.451727 14.88218 13.10811 9.2596 10.59643 11.43674 8.445283 9.583614 8.622954 9.280081 10.1995 5.713438 8.769822 7.99544 8.723395 8.243421 8.589729 9.42013
Be 0.365284 0.911167 0.311902 0.569969 0.195942 0.703354 1.024479 0.57226 0.438145 0.028539 0.084318 0.112421 0.57474 0.372439 1.136855 0.352124 0.47072 0.200111 0.683301 1.171585 0.438657
Sc 44.18548 53.98793 77.95496 48.38988 133.7335 79.17228 63.84811 68.08103 127.6598 104.1394 83.41611 104.5319 107.6562 71.27559 55.0578 90.99225 93.12768 120.8224 103.7176 79.8133 101.3543
V 310.1975 561.316 613.3216 351.0354 944.2717 603.8215 451.2001 459.5218 660.4952 628.3772 671.2072 712.8248 806.6563 786.2709 507.497 667.6095 639.743 683.8528 633.0638 588.4326 731.7246
Cr 3.556683 9.324677 186.6621 10.7526 236.9954 28.05642 18.16787 14.42157 2077.286 1130.128 1832.021 633.8335 226.3146 184.5434 84.72409 239.8846 36.83228 2549.783 437.5185 49.36042 154.6215
Mn 1384.831 1381.362 1196.727 1327.794 1147.697 1269.654 1270.857 1293.326 1024.962 1108.811 1133.17 1172.898 1289.931 1390.6 1251.628 1205.877 1253.448 1012.379 1158.886 1255.864 1197.266
Co 41.39481 41.92846 43.62333 39.65266 42.38389 39.95143 38.36907 40.41267 40.08059 41.32762 42.87551 42.52386 43.28552 46.07283 37.77365 41.30572 42.31344 40.50383 42.79088 39.34889 42.30722
Ni 75.53613 75.47729 121.3648 101.1215 147.9683 113.8779 104.7643 114.8336 157.5564 176.5038 188.1645 171.0003 150.6531 160.5621 114.1093 145.8339 146.0035 175.3781 164.2266 128.9968 153.9254
Cu 1.963449 2.004627 1.527782 1.380775 2.272495 1.447888 12.38698 1.709373 2.692541 0.362615 0.448665 0.434123 0.929213 0.707805 1.968348 0.462386 0.541585 0.456483 1.354259 0.641524 1.307134
Zn 58.21514 78.0663 52.12225 67.62613 52.30444 63.01557 63.60905 63.04552 41.27193 44.17534 45.79714 49.45889 62.70014 67.68106 77.76475 58.72089 58.91666 40.47656 48.05675 62.056 56.91759
Ga 10.81521 19.49782 10.84418 13.84535 13.30207 17.76193 14.95489 14.00307 8.714217 6.046674 7.492616 7.175387 10.81883 12.01895 14.52073 11.39637 9.731831 7.156109 7.114591 13.42338 9.952716
Ge 3.256789 3.041387 2.673017 3.44769 3.153762 3.310559 3.416294 3.212696 3.045525 2.778148 2.939595 2.997111 3.441861 3.230847 4.462729 3.130044 2.870969 2.837005 3.099459 3.256098 2.972712
As bdl bdl bdl bdl bdl 0.274384 bdl 0.191598 bdl bdl bdl bdl bdl 0.156198 0.331723 0.180341 0.233183 bdl bdl 2.572583 0.19634
Rb 5.747305 2.476172 6.09946 0.023796 0.056085 0.339058 1.632772 0.446426 3.246219 bdl 0.251297 bdl 0.840737 0.156484 0.012943 0.117696 0.312786 0.075132 0.279213 0.564909 0.051921
Sr 124.8634 168.0089 768.4362 48.37411 41.42075 43.80286 57.65817 47.32279 37.34785 37.72764 37.20226 40.39505 44.47519 40.30712 34.41937 47.09192 46.54015 40.40192 42.39756 66.33871 43.99359
Y 24.88954 37.01398 12.68646 54.41655 25.3913 46.40092 43.59481 44.58846 14.88841 12.47615 9.957841 14.18658 27.28096 20.79023 101.6629 26.73787 22.73607 12.72463 15.11983 37.28853 20.61423
Zr 94.22871 215.5187 46.70889 182.2498 84.4952 184.5362 156.526 159.3601 37.10145 24.10275 21.61372 30.79348 74.58541 58.42199 371.0953 81.7993 64.20484 32.79325 43.16083 121.1974 60.74855
Nb 0.930245 4.498284 1.148818 1.593239 0.679836 1.948794 2.317018 1.335096 0.657564 0.13398 0.153297 0.209475 0.523479 0.475815 1.895226 0.585428 0.539352 0.239468 0.38122 1.871485 0.400452
Cs 0.013266 0.071315 0.094385 bdl 0.01898 0.09924 0.260373 0.080955 0.014204 bdl 0.007351 bdl 0.102928 0.007819 bdl 0.035986 0.009019 0.043364 0.05171 0.111057 bdl
Ba 44.85039 10.32475 21.50889 0.073596 0.042615 0.063839 7.352589 0.252064 13.48986 0.02814 1.435608 0.055323 0.146917 0.607268 0.077957 0.054363 0.546752 0.028553 0.79403 8.592867 0.03447
La 8.200582 16.36066 4.321951 16.70544 5.957092 12.15825 13.40807 12.6576 3.38655 2.432855 2.240544 3.03394 7.181297 6.200102 35.078 7.284099 5.835052 2.715632 3.999752 11.19465 4.695808
Ce 26.35779 50.60576 15.48792 53.16379 19.29935 38.9569 42.1763 40.41807 10.59957 8.295604 9.328816 10.65134 23.63839 26.09795 114.0469 25.10639 19.58161 9.077411 12.83203 35.58254 15.98292
Pr 4.216623 7.651042 2.381219 8.691604 3.23905 6.428337 6.668419 6.60718 1.73274 1.51013 1.519418 1.86439 4.05187 3.871824 17.84613 4.24896 3.287352 1.640056 2.137162 5.891572 2.794837
Nd 21.73543 37.19022 11.58599 45.49438 18.1484 34.99722 35.56164 35.59989 9.192834 8.603002 7.882485 10.01894 21.66136 18.71324 85.25196 22.33737 17.728 8.946246 11.08124 30.54403 15.57812
Sm 6.216067 9.992171 3.071026 13.06429 5.675678 10.5878 10.38582 10.23181 2.941449 2.843148 2.336496 3.374815 6.550108 5.619402 23.5637 6.72523 5.37506 2.794787 3.605237 8.853461 4.854599
Eu 1.768608 2.526159 1.108988 2.807671 1.551864 2.490087 2.387461 2.417119 0.974091 0.785702 0.75066 0.932731 1.532107 1.456856 3.205225 1.771015 1.518042 0.866424 0.932658 2.297311 1.356168
Gd 6.573374 10.06735 3.532349 14.45987 6.374167 11.93838 11.7126 11.64534 3.663564 3.232445 2.686489 3.708139 7.514152 5.850009 24.84595 7.458889 6.176971 3.419012 3.928556 9.792745 5.462367
Tb 0.941321 1.400176 0.497055 2.018838 0.941145 1.735502 1.651087 1.66899 0.546802 0.475296 0.381965 0.542094 1.078492 0.825884 3.811102 1.070144 0.88456 0.480148 0.564779 1.39857 0.811011
Dy 5.61772 8.423922 3.143769 12.22691 5.817757 10.56513 9.886463 10.37491 3.362372 2.85629 2.362621 3.279224 6.494984 4.837983 24.0601 6.455625 5.176046 3.008711 3.505183 8.849706 4.81936
Ho 0.989981 1.49747 0.53937 2.236092 1.003441 1.882518 1.79578 1.840964 0.584664 0.495605 0.403965 0.547956 1.125834 0.849186 4.210625 1.077826 0.914317 0.500786 0.599564 1.488463 0.836997
Er 2.548413 3.91735 1.358116 5.828277 2.68073 4.987444 4.696432 4.807102 1.620895 1.3241 1.04421 1.469007 2.937646 2.195541 11.24609 2.765921 2.301002 1.322693 1.496737 3.985805 2.193745
Tm 0.330064 0.487265 0.16897 0.719 0.32832 0.589055 0.575521 0.575647 0.19082 0.148689 0.119551 0.180612 0.352471 0.279287 1.349132 0.333661 0.274629 0.149644 0.19476 0.467988 0.265071
Yb 2.067726 3.248925 1.057069 4.69902 2.048981 3.963211 3.59645 3.706629 1.33365 1.00412 0.797241 1.005 2.132055 1.62754 8.626493 2.034518 1.769844 1.039555 1.17371 3.031973 1.624452
Lu 0.299013 0.477187 0.153936 0.668589 0.298994 0.551613 0.520599 0.549006 0.175619 0.133689 0.105839 0.151144 0.303499 0.224115 1.185749 0.287459 0.253653 0.149324 0.164838 0.387489 0.223624
Hf 3.754041 7.986745 2.032033 7.394518 3.93989 8.185103 6.526929 6.948807 1.768114 1.175979 0.998839 1.441645 3.316987 2.564086 14.43675 3.684651 2.874269 1.707587 1.77342 5.296016 2.814313
Ta 0.13741 0.713097 0.089974 0.250036 0.101428 0.340826 0.281181 0.229679 0.076444 0.014224 0.016215 0.022918 0.064491 0.048717 0.235061 0.095533 0.06801 0.027542 0.049276 0.176632 0.057166
Pb 0.562323 2.926052 0.519385 0.155617 0.094513 0.14603 0.723924 0.125761 0.325711 0.040624 0.078154 0.049322 0.149537 0.10132 0.281083 0.097586 0.085819 0.044616 0.235809 0.596159 0.155004
Th 0.202504 0.520295 0.292085 0.175842 0.06642 0.157407 0.393187 0.143136 0.104729 0.019505 0.023017 0.032471 0.139602 0.067443 0.26899 0.070885 0.069881 0.033524 0.173733 0.83214 0.05245
U 0.037478 0.10243 0.049938 0.033249 0.009569 0.025174 0.082427 0.030584 0.01327 0.005884 0.007102 0.007611 0.020083 0.021983 0.055988 0.011652 0.0129 0.00931 0.021111 0.132772 0.008375
Calculated
K 867.6831 367.1238 600.9922 2.581451 8.159375 8.062688 0 170.0592 25.23146 969.9391 0.580459 77.103 1.499429 22.11443 31.05491 2.058414 0 4.67165 30.97746 1.642611 0 31.81434 100.0475 3.900392
P 39.31097 48.25064 19.67725 38.76307 24.73859 31.92557 0 41.18278 40.92003 15.68891 11.14156 10.35478 14.35803 26.32324 26.58334 12.13766 0 32.64415 20.69372 14.8238 0 15.879 45.09225 17.60637
Ti 8700.464 19992.29 7625.878 13515.75 13657.5 19165.97 0 15123.89 15101.64 7241.923 6385.93 5760.184 7466.861 11110.24 8704.314 8327.135 0 11132.1 11489.37 6871.909 0 7034.214 12409.55 11516.61
Trace elements (ppm)
Swinburn Peak HR cores Swinburn Peak HR rimsE16 (683m) HR rims 605m HR cores 605m HR rims 600m HR cores 600m HR rims





spot 595_01.d cpx1 core595_03.d cpx2 core595_05.d cpx3 core 595_02.d cpx1 rim595_04.d cpx2 rim595_06.d cpx3 rim 590_01.d cpx1 core590_03.d cpx2 core590_05.d cpx3 core 590_02.d cpx1 rim590_04.d cpx2 rim590_06.d cpx3 rim
Li 12.45548 11.92838 12.26983 8.546631 15.86217 16.88043 14.55697 13.71274 12.32567 14.00053 16.39943 13.64122
Be 0.345346 0.299507 0.1842 0.866917 0.259123 0.187939 0.11434 0.667813 0.278824 0.238387 0.672431 0.503752
Sc 99.26518 141.0607 163.7352 38.94747 174.7892 175.9618 164.2448 117.9774 165.3079 144.9828 169.0071 137.6563
V 775.2684 955.4919 890.9694 312.1701 899.3408 937.2066 1035.601 659.1839 994.2334 978.6755 936.2785 876.4532
Cr 68.86544 398.1597 2965.995 24.4335 3734.327 3810.631 2629.285 89.23304 1816.084 1471.617 2454.931 1666.758
Mn 1257.032 1106.098 1021.359 1352.244 1013.284 1019.598 1218.983 1549.039 1223.649 1244.679 1125.872 1152.19
Co 41.38697 41.89205 40.20871 38.85655 40.36169 39.91371 44.07831 45.46888 44.01487 42.63246 41.53739 39.34449
Ni 129.8075 148.1042 164.9115 91.25798 161.4726 165.4851 153.0814 130.2895 147.7525 148.6427 141.2387 135.0593
Cu 0.662339 0.643739 0.705463 0.61809 1.080647 0.501905 0.571275 0.824303 0.758564 0.876502 1.389461 1.251702
Zn 58.04185 48.68647 39.71294 70.59493 41.27784 40.12009 49.67992 63.06822 49.70696 51.99044 44.05545 46.83033
Ga 14.43502 13.06898 11.40472 15.31274 11.71838 12.35375 11.15718 8.647866 10.68389 12.5719 12.08756 12.81989
Ge 3.203037 2.951252 3.009518 3.59548 2.995629 3.269271 3.166169 3.363248 3.25353 3.240703 2.753605 2.813273
As bdl bdl 0.153749 bdl bdl bdl bdl bdl bdl bdl bdl bdl
Rb 0.265735 0.020068 0.058535 0.106731 0.499478 0.227357 bdl 0.179072 0.224404 2.303488 7.104527 2.190404
Sr 42.42512 40.73229 36.61305 52.11963 42.25449 35.93722 27.52386 29.43972 29.25361 34.1745 52.56458 98.42044
Y 31.22997 23.47799 19.65079 63.9489 20.48644 21.4088 20.83243 23.93134 21.90187 22.63758 20.90616 18.46754
Zr 116.9617 81.70491 64.70727 251.3302 68.32824 76.18021 60.75436 47.69541 57.18943 64.92608 54.10182 53.48645
Nb 1.284214 0.720177 0.671541 2.455845 0.963646 0.979803 0.395977 0.322283 0.369848 0.523344 0.544113 1.457805
Cs 0.010178 bdl 0.009951 0.029671 0.037996 0.005088 bdl 0.011679 0.024545 0.031715 0.029852 0.073294
Ba 0.299397 0.025647 0.01869 0.115622 1.194492 0.165602 0.005705 0.060827 0.099602 3.142943 10.88618 8.416245
La 7.455152 4.756989 3.731435 19.93051 3.917231 4.014141 2.592079 2.707273 2.864407 3.054036 2.90714 3.228178
Ce 24.73017 15.73881 12.27577 64.12632 12.5772 13.06827 9.314852 9.792616 10.01031 10.72298 9.474341 9.786879
Pr 4.225275 2.803312 2.173886 10.45253 2.192709 2.324512 1.706257 1.965306 1.819186 1.938781 1.689595 1.654544
Nd 23.11927 15.37787 11.92117 55.11435 12.65421 13.2133 10.07802 11.6922 11.10004 11.62388 10.4549 9.699042
Sm 7.146783 4.690608 3.896104 15.09802 3.977492 4.281161 3.63461 4.134233 3.96427 4.171287 3.397122 3.415563
Eu 1.876366 1.443336 1.13334 3.296783 1.165535 1.186341 1.103197 1.110197 1.11211 1.199471 1.101695 1.027057
Gd 8.063882 5.795673 4.672917 16.5963 5.083903 5.140438 4.811807 5.284031 5.168998 5.312806 4.847894 4.256097
Tb 1.166895 0.866922 0.714461 2.380348 0.701123 0.751778 0.717913 0.810633 0.764442 0.776235 0.725369 0.669344
Dy 7.226722 5.328751 4.440146 14.98544 4.495342 4.662744 4.47991 5.168875 4.734248 5.028798 4.64761 4.125478
Ho 1.258923 0.94554 0.788388 2.602615 0.828051 0.840446 0.813426 0.921897 0.861112 0.904889 0.842883 0.748263
Er 3.388025 2.47238 2.149735 7.084597 2.18664 2.262501 2.214562 2.509037 2.345246 2.398374 2.193311 2.009574
Tm 0.422375 0.299925 0.250189 0.895533 0.272637 0.290113 0.278072 0.306072 0.279767 0.310739 0.273591 0.253613
Yb 2.574325 1.895894 1.535212 5.808639 1.645665 1.761378 1.887227 2.09542 1.903538 1.833779 1.908856 1.624945
Lu 0.3724 0.275978 0.235857 0.858658 0.238177 0.256677 0.253045 0.325572 0.257602 0.276065 0.244932 0.228228
Hf 5.360182 3.765127 3.220847 9.588928 3.267322 3.742942 3.041109 2.077977 2.813048 3.220189 2.715656 2.590283
Ta 0.212827 0.134626 0.099714 0.376475 0.136504 0.149887 0.072394 0.030072 0.052661 0.071425 0.055642 0.093105
Pb 0.0771 0.050914 0.053155 0.130022 0.059429 0.053267 0.049534 0.159918 0.079194 0.166094 0.38603 0.419895
Th 0.114268 0.074722 0.071826 0.201279 0.090991 0.11849 0.051134 0.040863 0.049493 0.123897 0.048969 0.201847
U 0.016482 0.01677 0.009093 0.029885 0.015284 0.018001 0.009248 0.008937 0.009221 0.016677 0.014456 0.037378
Calculated
K 21.6159 1.982351 3.350695 0 5.795071 39.09379 16.44048 0 2.576361 13.12379 11.78602 0 208.9582 632.4202 316.4369
P 26.85359 14.17589 17.2587 0 46.59639 23.73014 19.78111 0 15.22594 19.66263 20.29173 0 17.53685 26.23602 24.58165
Ti 16392.54 13979.48 10276.47 0 14305.19 10348.14 11659.87 0 11854.19 9353.205 10775.53 0 12084.05 9355.226 9623.598
595m HR rims 590m HR cores 590m HR rims595m HR cores






spot JJ3_15.d plag SCJJ3_12.d plag SCJJ3_11.d plag SCJJ3_10.d plag SCJJ3_09.d plag SCJJ3_08.d plag SCJJ3_16.d plag SC\JJ31b.d plag SC or HBJ3-02b.d plg SCJ3-03b.d plg SCJ3-04b.d plg SCJ3-05b.d plg SCJ3-15b.d plg SC JJ3-17.d plag HBJJ3-18.d plag HBJJ3-19.d plag HBJJ3-20.d plag HBJJ3-21.d plag HBJJ3-22.d plag HBJJ3-27.d plag HBSV C7 \C7-01.d plag1 C7 core\C7-03.d plag2 C7 core\C7-05.d plag3 C7 core\C7-0 .d plag4 C7 core\C7-02.d plag1 C7 rim\C7-04.d plag2 C7 rim\C7-06.d plag3 C7 rim\C7-08.d plag4 C7 rim
Trace elements (ppm)
Li 1.730283 bdl 0.775326 0.912351 bdl 1.011189 bdl 1.427976 1.802839 0.722041 0.623021 0.309256 0.849481 1.984009 1.566493 1.211409 16.89917 3.49351 1.565472 1.994222 0.381321 0.207313 0.413444 0.314424 0.3768 0.329458 0.320437 0.768273
Be 0.682722 0.495708 0.33415 0.642527 0.242923 bdl 0.381005 0.203932 bdl 0.310843 0.212737 0.184461 0.348237 bdl 0.405205 0.229018 1.772007 bdl 0.261091 0.230867 0.182263 0.260182 0.446578 0.244022 0.357039 1.265888 0.23116 0.282199
Sc 0.896468 0.768592 0.733576 0.862568 0.835324 0.859109 0.757503 0.662325 0.603709 0.537214 0.536199 0.519481 0.538457 1.324103 1.175729 1.245519 1.106164 1.058615 1.288021 0.93198 0.574593 0.568742 0.541116 0.549099 0.586131 0.561112 0.555035 0.52259
V 0.341806 0.174255 bdl bdl bdl bdl 0.097874 4.120443 bdl 0.043549 bdl 0.054076 0.244277 0.119923 0.132389 3.43793 6.024964 3.602523 4.403257 3.049242 3.167558 2.274091 3.01641 3.070568 0.118351 0.811456 1.231191 0.176449
Cr bdl bdl bdl bdl bdl bdl bdl 0.647622 bdl bdl bdl bdl bdl bdl bdl bdl 4.266675 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Mn 102.5643 6.233464 2.389275 bdl 7.342552 bdl 17.91189 39.65687 8.075309 5.145233 3.022332 2.892489 29.34966 3.580096 22.51684 28.8599 1893.619 14.81842 85.1123 46.97958 20.58636 17.34136 22.06509 20.68679 1.269643 8.700911 12.59764 0.983431
Co 0.869192 0.061246 0.023729 0 0.057055 bdl 0.081026 0.724134 0.037546 bdl 0.038458 0.046061 0.452957 0.051036 0.076593 0.475443 68.25011 0.247966 1.827362 0.600241 0.280674 0.18785 0.297243 0.299804 0.030305 0.322003 0.207326 0.099146
Ni 4.509223 bdl bdl bdl 0.446664 bdl 0.201886 0.854971 bdl bdl bdl bdl 1.30163 0.178507 0.359911 1.98328 141.2008 0.395959 3.856507 3.403356 bdl bdl 0.092482 bdl bdl 0.703575 bdl 0.183412
Cu 33.90208 0.638972 1.458962 0.984142 3.015603 1.097434 2.254865 0.578059 1.531667 0.902615 3.286337 1.354429 44.0106 0.592167 10.28599 0.600672 38.51313 17.98978 3.924162 1.044646 bdl 0.219527 0.817978 bdl 0.600944 1.85456 0.863002 3.997161
Zn 25.25424 4.617578 3.425826 1.659979 7.338031 3.473019 5.885949 4.69135 5.071021 3.172171 6.703565 3.657383 11.48051 1.807794 2.873499 2.726753 178.418 2.8678 6.520889 2.896706 5.88542 5.693983 7.313824 6.144034 2.522266 5.819428 6.224415 2.524132
Ga 25.40979 26.305 26.12835 43.92573 26.84197 25.77923 23.11113 21.78852 27.14883 23.87614 25.12055 24.72522 24.55623 23.69486 21.2089 22.5045 46.58767 23.1647 24.76528 22.39186 26.50875 26.78245 26.64268 26.26986 28.59725 28.298 26.929 26.6984
Ge 1.372524 1.384358 1.661485 1.749789 1.236633 bdl 0.951909 1.149318 1.402748 0.805871 1.08922 1.145206 1.214648 0.857986 1.33192 0.724612 1.238089 0.928318 0.830946 bdl 1.017129 0.732102 0.958928 0.786601 0.716485 0.995921 1.073756 0.844515
As 1.768231 bdl bdl 0.426229 0.605057 0.545605 bdl 0.272082 0.247876 0.383675 0.457907 0.213232 0.363176 0.287379 0.701033 0.239486 2.250002 0.211082 0.456142 0.248331 bdl bdl 0.235077 0.231955 0.242268 bdl bdl bdl
Rb 13.72987 1.425043 147.7317 170.3699 21.55269 78.14764 6.173928 1.982456 27.33646 3.448377 3.745791 3.939931 3.509153 25.4635 65.64112 2.416722 1.662589 2.104075 2.860176 8.661325 1.180178 1.369222 1.82291 1.245832 19.32886 6.666696 6.035915 49.26307
Sr 1125.319 1165.56 144.3661 39.71249 124.2451 131.1779 886.9446 761.0825 138.3609 1084.591 853.533 968.5052 1200.037 482.2585 550.7101 771.7969 337.7719 800.1698 895.3924 751.5074 951.1106 1021.092 1028.808 965.8447 621.038 1246.324 981.1082 271.1062
Y 16.04096 0.171515 0.113929 0.395896 0.331258 0.374278 0.302914 0.171546 0.447576 0.172818 0.197616 0.49287 1.745288 0.062378 1.161539 0.201353 2.305647 0.290078 1.270123 0.247448 0.097513 0.11074 0.239262 0.103479 0.240672 0.928043 0.125684 0.301286
Zr 243.1302 0.102904 1.649061 0.291676 0.692075 2.976841 0.957545 0.227141 1.898749 0.346285 0.281106 0.168467 4.757656 0.169313 7.475553 0.064427 0.225555 1.025636 13.7125 0.145281 0.047288 0.062529 0.532332 0.048036 1.686483 6.271039 0.73049 1.492013
Nb 89.46529 0.032107 0.379917 0.038188 0.089765 0.400812 0.084059 0.079354 0.166904 0.171636 0.069568 0.043436 0.403902 0.035055 3.073687 0.032382 0.294752 0.498439 0.469463 0.094183 0.012047 bdl 0.253765 0.00877 0.236913 1.492875 0.175374 0.282515
Ba 636.6608 712.9145 1340.453 104.7238 719.2839 455.0681 1749.79 90.97451 976.4896 2255.855 2907.299 3286.331 990.5719 2725.804 3231.089 97.3565 52.35343 130.3642 232.6408 95.54978 201.406 245.0288 223.2825 202.8023 2093.633 673.9085 311.4962 1545.41
La 44.90866 8.786619 1.08677 1.308475 8.802344 3.72448 13.9727 2.120827 7.862128 10.89804 13.23863 14.63664 10.58353 11.27463 13.32493 2.226904 2.576071 2.446603 4.472016 2.234692 2.428166 2.578915 3.092512 2.47607 6.157224 5.337291 2.649802 5.510271
Ce 65.18615 9.414616 0.780224 1.851171 6.231901 2.703576 12.41763 2.905835 6.634268 10.00657 11.60881 13.57857 11.40392 9.085545 12.18174 3.080474 4.136869 3.411175 6.504983 3.130468 3.121553 3.398516 3.493545 3.188722 6.07276 6.455623 3.811824 4.24576
Pr 5.213635 0.668299 0.033085 0.158858 0.360383 0.138688 0.816447 0.25986 0.408295 0.682919 0.756901 0.933173 0.900115 0.535927 0.806844 0.264833 0.395954 0.303254 0.579093 0.272213 0.270828 0.300529 0.291217 0.290525 0.352475 0.505642 0.30911 0.216098
Nd 14.57836 1.966962 0.077714 0.646104 0.520132 0.250025 1.941517 0.865188 0.990949 1.593371 1.761799 2.546375 2.660193 1.077503 1.941745 0.773472 1.052616 0.999163 1.781028 0.991255 0.881116 0.95114 0.860584 0.893578 0.854957 1.408169 0.926269 0.410723
Sm 2.673758 0.18965 0.004778 0.072197 0.035772 0.052645 0.212507 0.121807 0.076143 0.146126 0.146951 0.275691 0.359282 0.106412 0.196839 0.095407 0.159206 0.099829 0.284108 0.140155 0.109329 0.08388 0.101017 0.066201 0.070853 0.226356 0.128199 0.044038
Eu 3.637414 2.712735 0.727363 0.288088 2.757746 1.403603 3.79374 0.561052 2.765121 4.408957 5.02081 5.390699 3.382946 3.488727 3.686558 0.867633 1.038777 0.839274 1.320261 0.802532 0.982676 1.316398 0.973184 1.018329 5.148441 3.538659 1.577743 4.604126
Gd 2.550288 0.084759 bdl 0.1162 0.023575 0.035508 0.102478 0.08733 0.088496 0.079246 0.059521 0.194958 0.279032 0.054724 0.199614 0.070866 0.177659 0.118637 0.223467 0.069848 0.057085 0.061305 0.074917 0.072962 0.03017 0.170387 0.091281 0.036048
Tb 0.472434 0.007565 0.001984 0.014514 0.004049 0.001707 0.009993 0.007906 0.011154 0.006197 0.003951 0.017607 0.048194 bdl 0.023354 0.009752 0.037713 0.013282 0.038547 0.012272 0.004899 0.006005 0.00605 0.006991 0.005977 0.029622 0.004643 0.007774
Dy 3.14679 0.06705 0.013807 0.096745 0.027165 0.063225 0.038386 0.038048 0.076406 0.035813 0.020415 0.121629 0.311744 0.015376 0.187418 0.037678 0.221993 0.042524 0.240122 0.04683 0.02401 0.022788 0.055752 0.031627 0.049041 0.151335 0.039234 0.032453
Ho 0.67548 0.006801 0.005473 0.013842 0.00416 0.007211 0.009055 0.006339 0.014182 0.003665 bdl 0.019975 0.050409 0.002309 0.042524 0.006749 0.054567 0.010864 0.042303 0.006122 0.005887 0.003118 0.010947 0.006902 0.004002 0.028466 0.005794 0.007544
Er 4.515364 0.118046 0.462824 0.423694 1.378048 0.519043 0.943636 0.472736 0.699617 0.155535 0.200918 0.365777 8.834621 0.099661 0.245829 0.069118 0.695808 0.040187 0.180507 0.32986 0.286213 0.833012 1.001329 0.408458 0.715777 2.849557 1.082489 2.613528
Tm 0.262553 bdl 0.001396 0.005349 0.005646 0.008523 0.003058 0.00239 0.004012 0 0.00107 0.004373 0.028665 0 0.020087 0.001389 0.034768 bdl 0.017446 bdl 0.000399 0.002636 0.003725 0 0.002592 0.011608 0.000963 0.004062
Yb 1.238047 0 0 0.010349 0.014903 0.014566 0.017738 bdl 0.029861 0.011729 0.002601 0.015814 0.169028 bdl 0.118862 bdl 0.320566 0.031857 0.151688 0.015341 0.006162 0.006137 0.029356 0.00421 bdl 0.043242 bdl 0.017006
Lu 0.114207 0 0.002144 0.001102 0 0.006953 0.00356 0.000506 bdl bdl 0.001138 0.001121 0.01916 0 0.019253 0.000936 0.057449 0.002068 0.017441 0.004539 bdl 0.002179 0.004045 0.000484 0.000969 0.003804 0.00053 0.001654
Hf 3.301004 0 0.018974 0.005583 0.008241 0.07079 0.01786 0.007747 0.029949 0.008144 bdl 0.008602 0.103741 0.00522 0.143734 0.002828 0.007176 0.033225 0.460109 0.005202 0.002258 bdl 0.002442 0.007321 0.018825 0.159318 0.023047 0.020668
Ta 5.555417 0.000915 0.023545 0.00097 0.00389 0.030122 0.003804 0.003884 0.011949 0.006379 bdl bdl 0.05053 bdl 0.120581 0.001444 0.008898 0.024791 0.047729 0.003126 0.000454 bdl 0.003327 0.000448 0.013867 0.060022 0.006787 0.017166
Pb 3.698696 1.022049 1.073503 1.042635 2.040793 1.875184 1.297191 0.578581 1.887383 1.238948 1.873715 1.557442 2.281605 1.256688 1.492868 0.661674 1.987295 0.662776 0.869006 1.215355 0.605623 0.747763 0.759885 0.717085 2.32313 1.396876 0.864474 2.880674
Th 31.073 0 0.059069 0.084043 0.035677 0.486861 0.057926 0.006411 0.100867 0.024743 0.013562 0.022201 0.198683 bdl 0.415959 0.002821 0.033354 0.067001 0.152957 bdl bdl 0.001156 0.017991 0 0.134476 0.442825 0.08096 0.254859
U 1.224574 0 0.008903 0 0.00175 0.003643 0.002115 0.004743 bdl 0.003371 0.00525 0.008548 0.023681 0.001551 0.125101 bdl 0.139799 0.008897 0.019239 0.011001 0 bdl 0.116429 0.000592 0.03606 0.107005 0.029812 0.079743
Calculated
K 3148.456 1977.967 29018.9 29778.74 13737.86 24196.98 4163.543 716.1496 14671.92 3915.746 4344.209 4423.285 2326.581 0 12033.54 10910.47 774.2597 304.7308 791.223 1210.955 1249.268 0 1670.324 1792.024 1582.174 1613.937 12069.33 3162.887 2124.289 18304.61
P 43.16139 34.97528 #VALUE! 20.50793 #VALUE! #VALUE! 18.58495 16.01362 #VALUE! 17.17437 17.7641 50.074 53.69407 0 22.15776 16.52755 12.26567 42.6028 21.21602 23.64443 13.11646 0 21.0569 20.62401 19.58841 24.08479 19.69991 24.51076 30.47839 17.60078
Ti 639.4541 581.4686 213.562 70.53768 259.6051 169.1225 374.1012 479.3243 310.7208 463.1889 430.5523 389.0126 498.3101 0 416.5196 429.1391 438.5281 497.9411 485.8089 659.0235 425.3037 0 751.5532 740.9812 738.4931 745.9553 393.6739 559.3636 698.9942 391.8967
Appendix D - Geochemical database of chapter 8
LA-ICP-MS analysis of segregation veins (SV), domains (SD) and host rock (HR) 
Plagioclase trace and rare earth elements (REEs):
C7 SV coresJJ3 SD cores JJ3 SD rims





spot \D5_04.d plag1 D5\D5_02.d plag2 D5\D5_08.d plag3 D5\D5_11.d plag4 D5\D5_14.d plag5 D5\D5_03.d plag6 D5\D5_17.d plag7 D5\D5_20.d plag8 D5SV J20 J20_02.d plag1 J20 rcrJ20_06.d plag2 J20 rcrJ20_07.d plag3 J20 rcrJ20_09.d plag4 J20 c-rJ20_10.d plag5 J20 c-rJ20_1 .d plag3 J20 rimJ20_18.d plag6 J20 c-r J20_20.d plag7 J20 coreJ20_2 .d plg8 J20 c-rJ20_ 5.d plg9 J20 c-rJ20_ 8.d plg10 J20 c-r JJ4-01.d plag1 JJ4JJ4-04.d plag2 JJ4JJ4-06.d plag3 JJ4 crackJJ4_12.d plag4 JJ4 crackJJ4_15.d plag5 JJ4 crackJJ4_17.d plag6 JJ4 crackJJ4_20.d plag7 JJ4 crackJJ4_22.d plag8 JJ4 rcr
Trace elements (ppm)
Li bdl 0.559294 bdl 0.510061 bdl 18.82611 0.328961 bdl 0.512234 0.769241 1.369702 bdl bdl bdl bdl 0.47789 bdl bdl 0.676823 0.982306 bdl 0.913035 0.844666 bdl bdl 0.580029 bdl
Be 0.393083 0.493732 0.390348 bdl bdl 0.111016 0.279932 0.738331 0.521526 0.581562 0.592881 0.384174 0.396073 bdl 0.256167 0.322972 0.424787 0.516953 0.564583 0.355457 0.217132 0.052702 0.310938 bdl 0.293319 bdl 0.302624
Sc 1.757068 1.862266 1.634459 1.481443 1.439629 129.4266 1.259572 1.28939 0.943285 1.071888 1.117878 0.842772 0.915768 0.92715 0.858911 0.877242 0.824503 0.705841 0.848407 1.255385 1.29102 1.819717 0.974924 1.038269 0.983193 0.935544 0.988897
V 3.530408 3.808143 1.870348 3.640188 3.738075 893.8671 3.604783 0.408778 1.336982 9.743943 21.42133 0.426931 0.368493 1.027158 3.504401 3.527454 0.300879 0.898284 0.488946 2.304065 0.604996 7.731068 1.771249 2.272137 1.155686 0.140385 0.329393
Cr bdl bdl bdl bdl bdl 721.4172 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 0.462579 bdl bdl bdl bdl bdl bdl bdl bdl bdl
Mn 18.50102 22.38907 14.62666 22.29429 19.75148 1281.072 19.39995 5.600142 12.19651 44.4589 25.6056 7.580521 7.744783 11.31627 18.65491 17.61584 9.090544 10.0197 10.07624 13.94871 8.560372 47.07123 51.44771 12.49091 17.4376 6.12789 5.557483
Co 0.260605 0.27515 0.165727 0.296814 0.200906 46.38893 0.15801 0.081177 0.184217 4.288459 7.396427 0.067269 0.1224 0.137177 0.196757 0.183239 0.122319 0.614483 1.344375 0.118367 0.05765 0.498522 2.697466 0.149608 0.232041 0.09962 0.062996
Ni bdl 0.138392 0.134659 bdl 0.093347 155.0318 bdl bdl bdl 3.317924 5.282422 bdl bdl bdl 0.091007 0.096573 bdl 0.495476 0.797584 bdl bdl 0.415248 4.295891 0.126612 0.386962 0.234629 bdl
Cu 0.960592 0.705554 0.425446 0.224775 0.241014 0.804626 0.281991 0.543859 0.569906 22.63127 36.88209 bdl 0.270568 bdl 0.160218 bdl bdl 0.222304 3.469012 bdl 1.176517 2.010701 157.5094 0.435062 19.36553 10.95369 0.431932
Zn 6.664369 6.461853 5.932212 5.206232 5.015164 57.29001 5.417788 5.597424 5.104057 22.56863 23.42939 4.191962 4.291746 4.734111 5.735186 5.469706 4.537117 5.323057 4.941944 4.656113 4.061568 8.269355 23.56335 5.4264 6.710109 9.500138 3.336193
Ga 25.94403 25.0638 26.26368 25.01566 24.74741 10.38733 25.19724 27.56241 27.42959 27.3148 27.08917 26.95594 27.36277 28.47486 25.74583 25.99836 27.69337 27.29877 28.2579 26.0175 26.15585 26.42054 26.2018 26.95647 24.34072 31.05094 26.03658
Ge 0.873314 0.733187 1.382283 1.033478 1.011008 3.185273 0.690531 0.871846 1.00976 1.202819 1.302645 0.727469 0.810554 1.039633 1.329652 1.063892 1.098738 1.002653 1.000091 0.72039 0.985887 0.80036 1.06524 0.906977 0.752118 1.503158 0.968191
As bdl bdl bdl bdl bdl bdl 0.391869 bdl 0.287737 0.709053 0.498672 0.440752 0.511627 0.454212 bdl 0.447255 bdl bdl bdl 0.22418 bdl bdl 0.250992 0.186235 bdl 0.364022 0.302565
Rb 1.107565 0.939349 1.404078 0.754367 0.825772 bdl 0.815163 3.515807 1.881592 5.410242 6.489201 2.34351 2.477828 1.73131 0.950412 0.904904 2.491385 10.05035 55.55512 0.920676 1.48333 2.763035 2.641582 0.96921 8.687933 58.89808 2.490497
Sr 860.8723 863.1751 944.6569 810.3573 807.9515 43.81913 840.9077 1076.486 976.9724 1108.49 1150.225 996.3546 1027.44 946.7649 825.3985 826.1206 1021.396 1022.338 346.9017 791.523 905.2137 870.141 872.3669 785.8655 1186.523 574.6147 959.5123
Y 0.121506 0.150658 0.122651 0.134227 0.102018 21.11168 0.139499 0.085377 0.121939 4.539567 0.329019 0.09129 0.101887 0.127488 0.123994 0.131453 0.073844 0.310265 3.332759 0.153229 0.115997 1.082126 0.440251 0.158297 0.541696 0.415959 0.101815
Zr 1.787634 4.582591 0.135835 0.303907 0.138863 61.44133 0.056279 0.119247 0.092767 4.087309 7.100404 0.074946 0.063652 0.03928 0.070601 0.049835 0.057779 4.316768 12.44941 0.071634 0.07657 5.875579 0.195283 0.046869 0.685791 1.371453 0.071933
Nb 0.063816 0.117329 0.010345 0.018742 0.01222 0.39049 0.008178 0.012296 0.010694 0.294935 0.612526 0.006663 0.010439 0.004679 0.008096 0.00905 0.011992 0.318893 4.308112 0.013848 0.015606 0.901044 0.176579 0.006275 0.260154 0.473268 0.016394
Ba 184.4332 149.0013 249.9402 120.4491 124.8434 0.042902 134.3009 856.676 349.2524 951.344 1411.656 478.25 490.3023 301.5873 156.7678 148.494 474.2057 415.1302 1186.856 200.7853 382.19 172.3058 290.4549 205.8677 530.0203 401.1334 851.2681
La 2.225197 2.229309 2.767083 2.023485 1.928973 4.366905 2.189556 4.500883 3.535714 10.58191 6.566284 3.508439 3.579546 3.046137 2.188496 2.154225 3.587237 3.563463 7.208968 2.856784 4.359122 3.377301 5.492688 2.966546 9.660952 7.788746 5.329397
Ce 2.893261 2.756465 3.40442 2.556503 2.645139 14.81014 2.756998 5.041746 4.01958 13.99578 6.396853 3.928377 4.173643 3.767604 2.867595 2.755488 4.346365 4.214629 7.192981 3.68944 4.938086 4.826321 5.300135 3.782965 8.318951 5.475623 5.631764
Pr 0.240438 0.255028 0.317801 0.236147 0.232182 2.604034 0.252558 0.384813 0.32643 1.239609 0.483399 0.312181 0.318059 0.307948 0.237509 0.245121 0.340087 0.342969 0.484819 0.312936 0.417646 0.417843 0.411681 0.320876 0.527831 0.274574 0.433784
Nd 0.956044 0.838647 0.937204 0.885378 0.737595 14.0558 0.811637 1.047979 1.070063 4.398522 1.201256 0.979589 1.039178 0.988342 0.878054 0.826312 0.928012 1.075005 1.313738 0.999056 1.150233 1.543436 1.252293 1.022569 1.336894 0.587153 1.217049
Sm 0.100817 0.13442 0.115883 0.142272 0.083346 4.321075 0.09616 0.116397 0.111552 0.86014 0.115286 0.10826 0.116118 0.124149 0.105834 0.116764 0.106413 0.12947 0.220611 0.131328 0.10909 0.357962 0.133509 0.116677 0.123449 0.054166 0.123516
Eu 1.068185 0.913848 1.560128 0.839217 0.79634 1.309991 0.91083 3.648377 2.176666 4.641772 4.859169 2.643063 2.883628 1.881646 0.898285 0.861942 2.899172 2.532959 4.109075 1.167362 2.429435 0.813953 1.796437 1.163074 2.280782 3.090743 3.565351
Gd 0.068709 0.086337 0.07254 0.103607 0.056005 5.219846 0.067372 0.091711 0.095887 1.081549 0.069145 0.050422 0.069676 0.065893 0.067855 0.062973 0.060885 0.069815 0.252112 0.100364 0.071609 0.230205 0.090707 0.096473 0.116096 0.030266 0.067252
Tb 0.005476 0.010853 0.007429 0.006651 0.008636 0.779535 0.005501 0.005357 0.006851 0.115502 0.008766 0.007402 0.005319 0.009494 0.00665 0.006078 0.004375 0.010135 0.054662 0.008849 0.007839 0.031784 0.011029 0.008186 0.012898 0.008893 0.005999
Dy 0.035507 0.025977 0.033431 0.024504 0.033565 4.738597 0.025249 0.01715 0.023256 0.619191 0.048179 0.03478 0.025002 0.024178 0.030578 0.038989 0.015313 0.069293 0.403377 0.036366 0.036139 0.187123 0.067061 0.041335 0.072768 0.040716 0.012017
Ho 0.003962 0.004472 0.002938 0.004748 0.004853 0.871924 0.004831 0.00103 0.003449 0.142899 0.010247 0.004585 0.005021 0.00201 0.004748 0.004664 0.002227 0.01687 0.126935 0.006651 0.006697 0.043633 0.007285 0.004847 0.022518 0.008969 0.003832
Er 0.417204 0.281385 0.195355 0.170284 0.094479 2.319729 0.100465 0.331348 6.379959 130.4642 157.8232 1.398414 4.602382 1.185524 17.63 22.64826 5.700988 11.56637 20.58383 0.037075 0.07109 2.284671 11.03424 0.564068 2.627007 2.437762 0.044781
Tm 0.001866 0.001301 0.001385 bdl 0.000349 0.27917 0.000347 0 0.005234 0.082841 0.065937 0.001569 0.002766 0.001975 0.008233 0.01118 0.004771 0.006279 0.049476 0.000338 0.001059 0.012361 0.007461 0.000363 0.006864 0.002412 0.001845
Yb 0.008779 0.008848 0.003286 0.006244 0.003085 1.598753 0.003259 0 0.011622 0.113947 0.051258 0.008908 0.003575 0.003441 0.010376 0.004946 0.001759 0.014216 0.198011 0.006254 0.006404 0.087893 0.019669 0.00172 0.027654 0.020025 0.0049
Lu 0.000319 0 0 0.001071 0 0.229263 0 0.00098 0.001113 0.018561 0.006334 0.000405 0 0 0.000386 0.000765 0 0.00281 0.023427 0.000715 0 0.013819 0.001121 0.000767 0.005058 0.000579 0
Hf 0.014524 0.084294 0.001791 0.001739 0.001431 2.986166 bdl 0.001627 0.003701 0.119535 0.22264 0 0.001956 0.005813 bdl 0 bdl 0.119495 0.250619 0.001847 0.001673 0.1244 0 0.00186 0.012685 0.030869 0.001745
Ta 0.001599 0.009053 0.000689 0.00069 bdl 0.064671 0.00035 0.000622 bdl 0.012037 0.021911 0 0.000376 0 0 0.000342 0.000667 0.02362 0.099939 0.000343 0 0.04977 0.004297 0.000377 0.011914 0.026348 0.001489
Pb 0.680327 0.560634 0.767353 0.537264 0.534353 0.052547 0.498385 1.326308 0.777285 1.458277 1.742787 0.845119 0.92982 0.672582 0.478038 0.499471 0.841009 0.853622 2.51218 0.502147 0.757737 0.649006 1.572895 0.582751 0.954345 2.976817 0.918303
Th 0.001565 0.003163 0.000387 0.000437 0 0.062521 0.001262 0.000387 0.003509 0.232188 0.091268 0 0 0.000914 0.00043 0.001779 0.000426 0.393323 3.703544 0.000846 0.000827 0.090442 0.007701 0.000896 0.048395 0.064474 0
U 0.001811 0.008372 0 0.000381 0 0.010531 0 0 0 0.043295 0.014925 0 bdl 0 0 0 bdl 0.124717 0.662005 0.000392 0 0.039956 0.006489 bdl 0.013389 0.026449 0
Calculated
K 1514.69 1259.216 1816.798 1171.365 1148.242 0.938793 1237.034 3966.022 0 2130.223 2909.868 4351.083 2821.85 2794.09 2073.606 1344.352 1201.985 2845.976 2515.807 17220.05 0 1219.874 1992.772 1597.944 1864.748 1270.763 3813.044 16754.82 3170.784
P 24.68218 #VALUE! 21.5531 #VALUE! 23.1037 13.75706 16.5789 30.41238 0 21.19301 35.27065 21.89218 23.87228 #VALUE! 19.09939 22.04479 #VALUE! 21.16035 22.56183 #VALUE! 0 17.13532 27.48692 13.61914 12.35405 24.62214 20.16547 #VALUE! 18.21065
Ti 747.0946 641.6829 723.2548 606.7641 615.171 10613.81 676.2033 606.6965 0 650.2643 487.1658 474.7122 595.0534 618.0154 710.4453 693.9852 687.0166 607.9501 616.1013 357.0034 0 714.7724 613.7439 959.7438 624.9952 731.9761 583.5221 215.1669 447.5588
JJ4 SV coresJ20 SV cores J20 SV rimsC7 SV rims






spot PG-017.d plag1 E3 corePG-019.d plag2 E3 corePG-021.d plag3 E3 corePG-024.d plag4 E3 core PG-018.d plag1 E3 rimPG-022.d plag3 E3 rimPG-02 .d plag2 E3 rimPG-025.d plag4 E3 rim \PG-01.d plg1 E15 core\PG-03.d plg2 E15 core\PG-0 .d plg3 E15 core\PG-07.d plg4 E15 core \PG-02.d plg1 E15 rim lK\PG-02.d plg1 E15 rim hK\PG-04.d plg2 E15 rim\PG-06.d plg3 E15 rim\PG-08.d plg4 E15 rim PG-049.d plag1 J12 corePG-05 .d plag2 J12 corePG-053.d plag3 J12 corePG-055.d plag4 J12 corePG-057.d plag5 J12 corePG-050.d plag1 J12 rimPG-052.d plag2 J12 rimPG-054.d plag3 J12 rimPG-058.d plag5 J12 rim
Trace elements (ppm)
Li 0.488775 0.683311 0.677618 0.921947 2.203462 0.872629 0.328067 0.686487 0.201812 bdl bdl 1.109573 bdl bdl 0.388569 bdl bdl bdl bdl 0.331853 bdl bdl bdl bdl 3.260409 bdl
Be bdl bdl 0.11948 0.483285 0.853753 0.326975 bdl bdl bdl bdl 0.271933 0.351287 0.303837 0.185167 0.355068 bdl bdl 0.441136 0.294123 0.890266 0.473995 bdl 0.434223 0.301973 0.947263 0.406935
Sc 0.77884 0.791829 0.782697 0.752262 0.763669 0.736227 0.820873 6.274938 0.864469 0.890565 1.007721 0.868805 1.048399 0.912224 1.545104 0.806251 0.821575 0.720655 0.659359 0.665094 1.253822 0.772603 0.642227 0.707019 0.746712 0.572859
V 3.403457 3.350494 4.212762 2.617496 2.91554 3.562736 3.680782 40.55314 3.431159 3.582272 5.006563 3.409767 3.518516 3.43276 7.431512 3.438797 3.499287 3.269368 3.074457 3.434222 8.158901 3.919908 2.521104 3.17951 1.987316 0.788342
Cr bdl bdl bdl bdl bdl bdl bdl 134.6429 bdl bdl 40.75178 bdl bdl bdl 8.422103 bdl bdl bdl bdl bdl 0.421584 bdl bdl bdl bdl 0.292433
Mn 17.0109 17.5924 14.33564 50.22724 130.0415 38.31824 16.64839 95.57811 12.06509 20.03559 38.22933 86.31433 19.92167 23.48138 42.71834 70.17123 21.14795 10.74179 11.49736 49.30454 26.82466 9.434992 12.48846 14.52389 680.9676 2.644356
Co 0.14275 0.172089 0.105199 0.405062 5.141494 0.346676 0.253286 3.38405 0.227582 0.090959 0.185127 0.492516 0.112059 0.139716 1.078784 1.36737 0.238578 0.25802 0.167189 1.479409 0.718401 0.077327 0.330686 0.385376 28.4723 0.054033
Ni bdl 0.111067 0.234625 2.037525 78.65534 1.435859 0.957324 9.730101 0.340044 bdl 0.417202 2.012488 bdl 0.183197 2.623068 4.1441 0.114951 0.813274 0.976755 15.61311 2.019854 bdl 1.551606 1.225122 117.3814 0.161374
Cu 0.78337 0.485656 0.973142 8.938614 478.3269 8.374652 5.648657 9.965402 3.42727 1.469864 0.93079 2.912835 0.443564 0.840109 36.91491 0.30935 bdl 2.537374 3.135733 47.32687 5.675711 bdl 5.319546 2.005214 88.26856 3.364505
Zn 4.643711 4.738167 3.865203 6.661162 12.40946 6.141954 4.046002 8.968174 3.71949 3.255968 4.558269 4.677069 5.440088 4.613764 7.043932 7.938621 6.490264 4.081989 3.316384 5.878209 4.947722 2.932082 4.327646 7.40203 67.79196 2.242355
Ga 22.45191 24.16436 22.37545 21.57213 28.76368 22.78565 22.74339 22.61728 22.05395 22.36178 19.664 21.97994 22.21502 21.67774 22.79916 24.70891 24.09193 23.10899 22.84091 22.00281 23.7339 23.63276 24.57999 21.00542 23.39629 26.64142
Ge 0.813376 0.806964 1.013984 0.785964 1.053272 0.680502 0.788904 0.779062 0.638433 1.11064 1.016963 0.789175 0.744098 bdl 0.865976 1.274869 0.812578 0.984052 1.037455 1.099354 1.093793 0.905324 0.755266 1.012517 1.010786 0.990439
As 0.38723 0.216498 bdl 0.377858 2.746163 0.501222 0.257874 0.198322 bdl 0.328368 0.229958 0.461605 bdl bdl bdl bdl bdl 0.408592 0.320531 1.392999 0.252191 0.190488 0.496962 0.479062 0.624278 0.333514
Rb 1.290821 2.48143 0.852218 13.48707 24.94745 6.096279 1.406328 3.227758 3.051351 7.419801 22.83471 8.858892 3.493911 14.3812 7.005206 11.25609 2.045967 7.42695 4.578491 14.43296 3.872181 0.817999 4.481626 10.85179 18.24389 21.29293
Sr 683.4586 681.6755 645.7561 761.0475 646.4281 689.928 657.8948 674.6013 674.5072 625.3607 606.6496 656.9377 629.2998 570.1366 598.4986 606.7534 673.7516 658.6119 700.4637 548.8462 608.6427 593.3392 700.7286 629.4446 537.8042 508.6676
Y 0.131488 0.13076 0.181713 2.155803 2.029011 0.683433 0.160949 1.113548 0.243974 0.234314 0.300121 0.864079 0.196152 0.183016 0.651933 0.216807 0.110116 0.476475 0.182032 0.945417 0.351998 0.122034 0.262559 0.559606 0.939784 0.105613
Zr 0.048154 0.061261 0.324173 6.343599 48.75682 3.222776 0.05577 4.602821 0.569868 0.321501 0.729031 16.48432 0.118435 0.586858 2.343876 0.080656 0.046711 1.581442 0.805285 21.91109 1.066785 0.05242 4.692319 3.872593 2.726337 0.318278
Nb 0.007566 0.012476 0.120193 4.536045 18.93176 11.27514 0.035202 0.421822 0.32776 0.089307 0.499946 5.526284 0.066256 0.865979 0.745936 0.020444 0.012793 0.767955 0.121044 6.615283 0.083798 0.010629 0.648643 2.491499 0.785065 0.096942
Ba 83.57297 92.52828 74.5181 170.9539 150.4767 107.466 85.70098 87.44892 105.8095 116.4294 151.2224 133.1587 97.72781 138.3538 117.1315 121.4953 86.64453 133.4754 163.1554 123.9909 93.79731 69.06536 274.7901 104.9258 407.9793 1136.44
La 1.934257 1.925844 1.924608 8.273158 5.80993 3.809102 1.941389 2.450088 2.32398 2.131488 2.584653 3.297745 2.073448 2.150053 3.120186 2.393537 1.754966 3.113677 2.693614 5.064082 1.646208 1.413112 3.863587 2.959024 5.051674 10.12088
Ce 2.670611 2.554972 2.563682 12.7809 7.562394 5.737723 2.698624 4.236352 3.37046 2.967814 3.545576 4.660917 2.956512 2.991406 4.634062 3.03903 2.272716 4.364284 3.647282 6.81819 2.43707 2.025571 4.898409 4.136125 5.721384 9.035937
Pr 0.234272 0.233378 0.221055 1.243081 0.589661 0.443442 0.24952 0.438009 0.296633 0.276556 0.311376 0.404303 0.280107 0.277118 0.406077 0.2606 0.215263 0.430944 0.316594 0.49877 0.220205 0.182995 0.439377 0.358308 0.402048 0.55577
Nd 0.775419 0.849798 0.9022 3.628439 1.592611 1.144688 0.852805 1.716082 0.917722 0.873459 1.159201 1.238553 0.891609 0.943191 1.357733 0.858415 0.708528 1.248052 1.005041 1.485853 0.878698 0.692154 1.205953 1.140349 1.119932 1.30312
Sm 0.119346 0.10384 0.09302 0.588624 0.251657 0.158507 0.074261 0.388741 0.120476 0.093036 0.154733 0.202327 0.085651 0.092229 0.162877 0.133265 0.064062 0.167901 0.145086 0.156076 0.117933 0.060568 0.182568 0.172359 0.094122 0.118145
Eu 0.475504 0.581257 0.44615 1.336296 1.015567 0.781568 0.505448 0.861998 0.499998 0.653257 0.772396 0.741095 0.61401 0.557606 0.678034 0.824027 0.566894 0.968821 0.922355 0.992381 0.813517 0.546705 1.578309 0.68632 1.522993 1.971301
Gd 0.090017 0.067982 0.094342 0.559079 0.236953 0.146371 0.070247 0.31034 0.110635 0.083316 0.144396 0.167002 0.072307 0.060469 0.158954 0.089227 0.0702 0.144426 0.095496 0.145648 0.08851 0.080606 0.092438 0.115463 0.083431 0.038227
Tb 0.004488 0.009567 0.008108 0.072919 0.03265 0.018556 0.006215 0.035988 0.01007 0.014933 0.007851 0.019957 0.013131 0.011998 0.02167 0.005693 0.007529 0.015411 0.008396 0.022639 0.022096 0.00334 0.012167 0.015231 0.013043 0.010554
Dy 0.024431 0.041832 0.033311 0.377083 0.331933 0.112231 0.032694 0.223857 0.059807 0.059805 0.046209 0.13913 0.042106 0.046231 0.138953 0.034087 0.025236 0.080435 0.031295 0.124552 0.101979 0.036101 0.03764 0.096347 0.096826 0.030896
Ho 0.005152 0.006525 0.006514 0.105915 0.058142 0.016461 0.009165 0.039283 0.007645 0.007848 0.014203 0.027747 0.006237 0.009227 0.024636 0.009542 bdl 0.018391 0.006723 0.035976 0.010234 0.004962 0.007562 0.019024 0.033245 0.003193
Er 0.01184 0.010041 0.014934 0.241343 0.380795 0.071446 0.012405 0.1204 0.025866 0.015739 0.02238 0.106253 0.009275 0.007122 0.056629 0.025084 0.016254 0.037069 0.006936 0.091107 0.033911 bdl 0.027406 0.081451 0.137134 0.008445
Tm 0.00148 0 0.002607 0.03569 0.051522 0.010133 0.002487 0.015448 0.00344 0.001468 0.003586 0.018739 0 0 0.006953 0.001867 0.000507 0.00627 0.003314 0.013235 0.007369 0.003136 0.005142 0.012975 0.039884 bdl
Yb 0.002314 0.002288 0.016498 0.195561 0.310177 0.035404 0.006587 0.082024 0.012675 bdl 0.016525 0.11716 0.013836 0.010877 0.034486 0.016607 0.002645 0.04361 0.01588 0.113755 0.04921 0.012607 0.024137 0.044738 0.33994 bdl
Lu 0.000576 0.000604 bdl 0.028833 0.041625 0.005245 bdl 0.013329 0.002106 bdl 0.002963 0.013258 0.002165 0.001282 0.006022 0.001866 0.001072 0.002669 0.001247 0.016009 0.004474 0.0006 0.001147 0.004466 0.071925 0.000575
Hf 0 0.003092 0.013214 0.095396 0.789064 0.034892 0.002469 0.162507 0.016164 0.005922 0.01995 0.398213 bdl bdl 0.063262 0.002367 bdl 0.018036 0.020556 0.507959 0.026856 0 0.194852 0.059499 0.087298 bdl
Ta bdl 0.001191 0.006885 0.149409 1.027427 0.248114 0.000545 0.033643 0.01068 0.004594 0.017738 0.352526 0.003057 0.016724 0.036505 0.000434 bdl 0.026821 0.006324 0.275245 0.005969 bdl 0.034533 0.084944 0.035421 0.003667
Pb 0.346939 0.481272 0.291435 1.41686 10.20128 1.361788 0.463246 0.628376 0.556298 0.492927 0.393153 0.882958 0.555158 0.416366 1.587717 0.427083 0.406435 1.032591 0.727709 2.721081 0.733574 0.37368 1.107225 0.728142 4.841236 1.67019
Th 0.002685 bdl 0.008965 0.604953 2.886406 0.607239 bdl 0.087053 0.033034 0.008126 0.031958 3.144465 0.012293 0.051277 0.13666 0.001941 bdl 0.06705 0.016159 0.87589 0.018114 0.000749 0.348904 0.380389 0.10119 0.000779
U 0 bdl 0.004565 0.140875 1.20462 0.452898 bdl 0.011221 0.012822 0.006596 0.012311 0.635329 0.001338 0.013988 0.046835 0.00241 0 0.02422 0.004244 0.252865 0.004141 0.000684 0.053056 0.160322 0.028285 0.005739
Calculated
K 865.688 1369.875 729.153 3113.39 0 5528.209 1910.836 971.0091 1468.945 0 1055.698 1861.329 4615.218 2475.213 0 1152.584 3274.917 1808.18 2733.374 1260.225 0 1635.898 1237.7 5102.043 2603.209 948.913 0 2794.101 1552.801 4229.16 9968.529
P 7.168993 8.611067 9.064108 43.67879 0 10.46955 15.55628 10.60236 31.95478 0 16.37443 18.13549 11.67072 23.22942 0 #VALUE! 12.73541 50.10237 13.02324 15.29141 0 13.39331 10.68473 17.95964 10.62248 10.35554 0 14.75162 13.49736 26.65943 #VALUE!
Ti 415.1846 454.5836 446.2939 537.7033 0 524.0378 500.9502 459.0164 860.7497 0 475.1701 443.1852 509.6979 505.1712 0 426.7164 414.7726 488.9552 548.5014 488.4669 0 518.5042 458.2165 513.1995 518.8267 422.5098 0 590.091 446.742 593.0632 597.2053
E15 (654m) HR cores E15 (654m) HR rimsE3 (620m) HR cores E3 (620m) HR rims J12 (660m) HR cores J12 (660m) HR rims






spot F10_07.d plag1 coreF10_09.d plag2 coreF10_11.d plag3 core F10_08.d plag1 rimF10_10.d plag2 rimF10_12.d plag3 rim F11_01.d plag1 F11 coreF11_09.d plag2 F11 coreF11_1 .d plag3 F11 core F11_03.d plag1 F11 rimF11_10.d plag2 F11 rimF11_12.d plag3 F11 rim G15_07.d plag1 coreG15_09.d plag2 coreG15_11.d plag3 core G15_08.d plag1 rimG15_10.d plag2 rimG15_12.d plag3 rim
Trace elements (ppm)
Li 1.338176 1.98304 1.78254 2.130268 1.052447 1.87923 0.83351 0.692455 0.809469 0.924498 1.359287 0.785646 0.577919 0.500717 0.678903 0.291249 0.744507 1.160987
Be 1.063237 0.130239 0.338931 0.132869 0.347107 0.251782 0.813845 bdl 0.34579 0.243702 0.141442 0.253079 0.168589 0.20285 0.274286 0.252785 0.219974 0.303971
Sc 0.651309 0.559691 0.592139 0.614584 0.506298 0.506679 1.004386 0.792898 0.728455 0.916964 0.892087 0.597009 0.416981 0.507961 0.435335 0.550992 0.602422 1.608765
V 3.424997 3.889152 3.790511 4.16916 3.811776 3.830332 3.587956 2.374491 3.158496 3.865472 4.066012 2.387912 4.252283 4.090061 4.012445 4.054114 4.020205 6.60801
Cr bdl bdl bdl bdl bdl bdl bdl 0.418764 bdl bdl bdl bdl 1.805052 1.075988 bdl 1.517013 2.634832 10.31473
Mn 17.27862 14.41417 13.68026 83.64985 15.33961 38.88575 11.16021 9.92281 12.3867 11.83393 8.367275 9.816527 21.96769 20.88041 31.97037 202.8102 291.8724 2282.703
Co 0.576741 0.059315 0.130857 1.380916 0.180371 2.08668 0.198924 0.243692 0.136237 0.362968 0.108486 0.196904 0.359313 0.282233 12.85096 1.343533 8.989804 16.05482
Ni 3.554779 bdl 0.539 5.137007 1.726355 3.083797 0.475063 0.42436 bdl 0.400717 bdl bdl bdl bdl 12.6913 bdl 7.043069 4.952742
Cu 45.03846 0.326042 2.865961 0.789803 4.181585 3.120574 1.523425 1.804882 0.5743 2.464454 0.529964 1.524835 0.246138 0.291404 0.607473 0.299639 0.61666 0.589936
Zn 7.053568 3.839643 4.449643 7.059232 4.415909 3.452572 8.245285 8.107538 8.761983 9.003523 6.60649 8.065104 5.103769 4.73466 7.845001 7.071638 11.90434 19.6334
Ga 23.65562 24.13235 25.22605 28.29946 24.41288 24.28136 26.44734 27.41266 27.04331 26.55486 26.19918 27.16085 23.95819 23.09832 22.9034 24.54873 23.52972 20.30925
Ge bdl 0.789071 1.10984 bdl bdl 1.284334 1.279485 0.973317 0.988164 0.983364 1.104474 bdl 1.215071 0.841402 0.568454 0.865079 0.611932 0.918583
As 2.41981 bdl 0.437005 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 4.406373 bdl 2.879556 bdl
Rb 19.88153 2.068612 3.651379 23.57086 9.714155 11.85419 10.65856 2.183098 3.730937 2.732955 0.896822 4.75194 0.475435 0.470165 1.985398 0.690871 6.372135 2.364735
Sr 627.268 704.8418 692.0938 689.0018 767.6675 745.5483 726.6664 857.4469 844.9432 781.6436 784.2477 876.9485 596.3677 619.5399 714.0749 622.9271 661.5124 526.9059
Y 6.839695 0.10198 0.313182 3.957264 0.237565 0.149333 3.498116 0.257751 0.411113 0.280808 0.293534 0.200208 0.161107 0.132163 0.342583 0.180851 1.077863 2.167281
Zr 53.92908 0.087544 0.992673 59.0626 0.600404 0.247003 5.877883 0.990809 3.134459 0.540607 0.1289 0.523261 0.615017 0.391128 2.565477 5.010897 4.008041 2.495206
Nb 23.53689 0.00927 0.320216 19.1349 0.034489 0.047548 0.321579 0.051483 0.269602 0.060746 0.013686 0.042855 0.224376 0.064077 1.364451 1.146076 2.493462 1.491744
Ba 96.56573 88.52983 98.83004 96.46922 143.0548 96.4553 115.1301 247.4773 203.192 117.1888 106.6492 448.8097 72.33337 71.14302 102.5214 115.1925 133.3113 90.78283
La 13.60277 1.501466 2.695102 6.111138 2.328883 1.608669 7.079038 2.812022 2.586954 2.01497 1.913465 3.202533 1.549702 1.618426 2.076139 1.621578 3.365777 4.026802
Ce 24.52428 2.152406 3.934435 14.61619 3.224424 2.297944 10.74891 3.445407 3.381943 2.691248 2.491693 3.602723 2.330982 2.286309 3.19764 2.250246 5.198883 6.138326
Pr 2.419303 0.188068 0.379163 1.289615 0.27026 0.199779 0.973683 0.30529 0.305787 0.251702 0.241782 0.284686 0.196829 0.214766 0.276128 0.206074 0.449414 0.504338
Nd 6.914213 0.676289 1.220694 3.736434 0.956378 0.768026 2.97541 0.931219 1.048091 0.808063 0.871412 1.055714 0.729036 0.698245 0.959058 0.704125 1.588547 1.734298
Sm 1.029563 0.093372 0.176126 0.826605 0.103462 0.077796 0.434701 0.101773 0.140722 0.119267 0.132448 0.159125 0.099963 0.120481 0.121568 0.07919 0.217735 0.273615
Eu 1.006193 0.59566 0.780402 0.9482 0.892438 0.689315 0.838889 1.493993 1.379036 0.856453 0.739756 2.365148 0.443653 0.439484 0.461272 0.507354 0.62651 0.448694
Gd 1.08444 0.05233 0.06621 0.698184 0.085176 0.07125 0.479532 0.076715 0.122924 0.076268 0.035638 0.092326 0.068311 0.040267 0.06555 0.052204 0.209611 0.324237
Tb 0.170681 0.006111 0.014678 0.107918 0.005935 0.006311 0.075111 0.005079 0.013532 0.005457 0.003323 0.009641 0.008122 0.008142 0.014026 0.008261 0.029276 0.043315
Dy 1.178002 0.026303 0.042173 0.802044 0.046812 0.038888 0.558238 0.020999 0.059186 0.026363 0.026717 0.084239 0.039652 0.034519 0.076252 0.039581 0.240989 0.495206
Ho 0.224605 0.005509 0.007601 0.12688 0.006509 0.006495 0.11944 0.007309 0.018412 0.004544 0.006184 0.00335 0.003711 0.003024 0.008259 0.005791 0.044128 0.081373
Er 0.68648 0.005475 0.023712 0.379739 0.015049 0.012149 11.6081 6.115931 2.413055 19.68487 4.272797 4.770632 0.00806 0.008224 0.044697 0.018038 0.126997 0.258564
Tm 0.101055 0.000839 bdl 0.074549 0.001075 0.001388 0.041134 0.004158 0.004397 0.006662 0.000544 0 0.001664 0.001647 0.00525 0.001529 0.017437 0.041784
Yb 0.521929 0.008147 0.044086 0.421827 bdl 0.008959 0.20645 0.003664 0.020466 0.004777 0.004871 0.021264 0.011311 0.006012 0.049596 0.020421 0.122848 0.279239
Lu 0.053988 0 0.002674 0.03969 0 0 0.01226 bdl 0.006838 0.001991 0 0.00321 0.000417 0.00087 0.007474 0.002441 0.011801 0.035966
Hf 0.727471 bdl 0.02164 0.840964 0.009182 0.002293 0.102295 0.026386 0.066784 bdl bdl 0.024509 0.017818 0.008833 0.048337 0.147075 0.09725 0.038793
Ta 0.741099 bdl 0.014318 0.814123 bdl 0.003287 0.028913 0.007504 0.02308 0.003887 0.003272 0.007737 0.01248 0.006616 0.06204 0.081301 0.114931 0.078456
Pb 7.947537 0.452754 1.630505 1.317494 1.717109 1.442589 1.077617 1.003941 1.302587 1.149841 0.63237 1.161134 0.321744 0.393588 1.917047 0.453972 1.483605 0.382018
Th 5.265109 0.000483 0.035365 3.129886 0.013631 0.019632 3.417774 0.026595 0.11679 0.01217 0.000771 0.027656 0.019336 0.005865 0.058474 0.177869 0.442542 1.291329
U 1.45305 0.000443 0.012997 1.027227 0.002606 0.002095 0.870193 0.006097 0.026031 0.006695 0.002495 0.003553 0.012185 0.001843 0.030736 0.08857 0.204947 0.753398
Calculated
K 2560.781 1338.832 1697.2 0 1743.669 2543.197 1969.289 0 2055.316 1820.972 1604.691 0 1131.477 1076.899 2789.993 0 597.0207 578.2772 777.2728 #VALUE! 810.0264 1649.822 900.7544
P 44.96086 #VALUE! #VALUE! 0 19.14799 22.38699 10.39266 0 #VALUE! 12.42377 #VALUE! 0 #VALUE! #VALUE! #VALUE! 0 7.847967 9.528963 14.1991 #VALUE! 15.29685 232.3367 83.14473
Ti 543.1695 474.0024 523.7338 0 652.6989 587.7915 475.5276 0 541.3319 616.8761 606.1258 0 601.0883 569.5034 550.0126 0 449.2838 440.2901 528.818 #VALUE! 487.5473 452.0924 451.72
F10 (720m) HR cores F10 (720m) HR rims F11 SV cores F11 SV rims G15 (491m) HR cores G15 (491m) HR rims






spot J13_07.d plag1 coreJ13_09.d plag2 coreJ13_11.d plag3 core J13_08.d plag1 rimJ13_10.d plag2 rimJ13_12.d plag3 rim J16_07.d plag1 coreJ16_09.d plag2  coreJ16_11.d plag3 core J16_08.d plag1  rimJ16_10.d plag2  rimJ16_12.d plag3  rim \E6_07.d plag1 core\E6_09.d plag2 core\E6_11.d plag3 core \E6_08.d plag1 rim\E6_10.d plag2 rim\E6_12.d plag3 rim
Trace elements (ppm)
Li 3.156831 2.13934 2.22814 7.310944 3.180822 3.660656 0.693496 0.211113 1.750533 0.962459 0.919469 1.623193 bdl bdl 0.328368 0.638985 0.399765 0.261198
Be 0.361873 0.22734 2.156883 0.630139 0.079099 1.509913 0.234233 0.155129 0.811853 0.934787 0.475231 0.865522 0.19413 0.28325 0.517462 bdl 0.418847 0.358578
Sc 0.571083 0.567237 0.535625 0.535729 0.608995 0.547097 0.64057 0.593739 0.579188 0.683156 0.657439 0.681408 0.473154 0.350838 0.278421 0.706566 0.552033 0.405397
V 3.554524 3.425432 3.521076 0.816596 3.695752 3.45451 0.11939 3.89277 bdl 1.049227 0.931557 bdl 5.114984 3.800504 0.829081 7.747821 5.874333 4.183983
Cr bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 1.400283 0.592275 bdl
Mn 16.74794 20.66852 21.68822 189.7963 225.3872 42.35057 13.53619 20.41068 28.94557 94.02478 53.97509 15.83789 15.92584 16.17757 43.92705 35.48482 25.6413 29.91127
Co 0.249383 0.309633 0.253961 8.932794 3.522783 0.27882 1.247438 0.286727 0.138371 1.123586 0.540851 0.076389 0.258618 0.155729 0.438155 0.618076 0.358676 0.245215
Ni bdl bdl 0.279007 35.03655 0.800675 0.696682 2.302829 0.304648 0.929392 13.18689 2.420728 0.752122 0.805615 0.332662 3.318731 1.076697 1.341621 1.244136
Cu 0.388877 1.055442 2.713122 95.04382 40.75963 23.22852 15.21046 0.710871 27.63769 136.1517 11.94512 8.464265 2.621079 1.977871 13.90294 3.185967 3.096578 3.735635
Zn 6.080724 7.163047 8.261703 41.82388 11.28906 21.19043 12.08715 7.991182 20.2907 35.56915 18.02218 10.67616 8.059487 7.845717 6.539189 8.290233 8.688866 6.449141
Ga 27.14275 26.83077 29.04051 33.65685 26.14948 30.5074 29.9927 25.81333 29.97809 26.49904 29.66969 35.54153 23.25761 24.62189 26.96236 23.61252 24.47902 22.96133
Ge 0.852219 1.089023 0.722593 0.907837 0.825075 0.943689 1.25847 0.76497 bdl bdl 0.828791 1.543553 1.314618 1.070225 bdl 0.926009 0.631456 0.563628
As bdl bdl bdl 0.890552 bdl 1.02424 0.901961 bdl 0.888011 1.899724 0.80915 0.682488 bdl bdl bdl bdl bdl bdl
Rb 0.950563 0.963358 1.169962 30.59735 3.311663 3.02079 82.44068 1.902654 61.83968 8.237241 6.322479 75.55881 3.851856 2.30547 10.23214 9.712406 5.75855 13.44571
Sr 833.031 821.407 832.9992 674.1244 798.6398 778.1498 293.1732 846.1636 300.637 938.891 1073.012 293.2978 636.0228 620.0841 960.4713 710.4924 656.3362 576.654
Y 0.108212 0.117743 0.19078 1.681852 0.273738 0.919029 0.359361 0.171262 2.225682 3.858427 4.588267 0.403047 0.245527 0.14561 0.195254 0.402935 0.21805 0.175809
Zr 0.061782 0.089951 1.153699 4.088558 1.003128 5.607728 0.66013 0.122052 41.46783 4.890889 10.51355 4.619232 1.205119 0.148745 0.682231 1.305119 0.560285 0.486152
Nb 0.007866 0.006781 0.2449 0.544644 0.243418 0.593476 0.1344 0.076929 14.91333 0.752302 0.717925 0.893797 0.373665 0.03055 0.426563 0.333146 0.438421 0.180851
Ba 146.4644 141.2329 151.5452 1089.351 167.3197 131.4568 231.0687 156.8177 780.6602 465.3619 776.6197 139.7892 84.15128 83.72459 394.9681 101.7942 106.7238 117.9403
La 2.027617 2.053853 1.933924 6.053266 2.127906 2.393352 4.795879 1.996547 5.244241 7.004107 13.1669 5.151355 1.719001 1.575468 4.81238 1.945503 1.956577 1.851274
Ce 2.77989 2.63745 2.802994 5.88741 3.115393 4.111768 3.713663 2.464097 5.727864 10.24802 20.26118 4.099098 2.360807 2.103384 5.424698 2.824948 2.572633 2.534481
Pr 0.229545 0.218711 0.223815 0.402377 0.239274 0.313396 0.235696 0.222824 0.48772 1.041675 2.099001 0.263065 0.210116 0.189675 0.455039 0.278416 0.2304 0.241915
Nd 0.794619 0.902161 0.755234 1.232809 0.79097 1.216114 0.730165 0.69018 1.435373 3.450728 8.546335 0.570297 0.803256 0.701568 1.202188 0.988911 0.79581 0.83232
Sm 0.119008 0.129481 0.129817 0.143597 0.16054 0.197012 0.064703 0.069297 0.229225 0.726196 1.469032 0.079854 0.078003 0.102348 0.167109 0.182838 0.117623 0.130172
Eu 0.813291 0.775612 0.807801 3.32083 0.851988 0.854463 2.324381 0.746124 2.969395 2.269634 3.300369 2.42939 0.500118 0.541615 2.227786 0.532037 0.57691 0.614937
Gd 0.047392 0.036815 0.039715 0.199158 0.064659 0.181125 0.107714 0.065992 0.212195 0.679736 1.277883 0.08939 0.062095 0.050554 0.102471 0.161432 0.09337 0.079888
Tb 0.004048 0.005253 0.007576 0.034526 0.008535 0.026262 0.014404 0.006896 0.050444 0.11051 0.189684 0.009417 0.010587 0.008496 0.005926 0.016169 0.010416 0.00685
Dy 0.037498 0.038651 0.022006 0.196645 0.048036 0.171108 0.076584 0.031217 0.387588 0.641496 0.89931 0.138586 0.046566 0.036049 0.050387 0.089051 0.056625 0.049437
Ho 0.004563 0.004618 0.006524 0.046642 0.005709 0.035005 0.018616 0.003362 0.080994 0.124798 0.199081 0.021361 0.007241 0.006684 0.009029 0.015896 0.010012 0.009544
Er 0.87906 2.390648 2.363617 10.95929 3.749866 4.494869 3.137308 0.766531 6.378152 4.819628 2.572012 3.130335 0.017833 0.011883 0.026115 0.043382 0.023821 0.018167
Tm 0.001641 0.003559 0.001898 0.019543 0.004075 0.012287 0.007587 0.001126 0.033273 0.033414 0.05076 0.005305 0.002281 0.000926 0.001685 0.004006 0.003179 0.003947
Yb 0 0.004642 0.00241 0.081089 0.01493 0.070385 0.020952 0.007629 0.190582 0.192773 0.286014 0.042906 0.013232 0.004206 0.018812 0.022782 0.013089 0.00966
Lu 0.000401 bdl 0.001911 0.018916 0.000447 0.010037 0.003665 0.000599 0.019863 0.027657 0.028962 0.005701 0.000911 0 0.002294 0.004054 0.001416 0.002658
Hf 0.002042 0 0.035093 0.132717 0.026343 0.115926 bdl 0 0.986823 0.122037 0.217409 0.058338 0.022106 0 0.011711 0.042447 0.0166 bdl
Ta 0.003949 0.000992 0.015789 0.024423 0.018596 0.034342 0.011147 0.001716 0.487741 0.028032 0.049926 0.062386 0.017565 bdl 0.012498 0.021148 0.012317 0.005035
Pb 0.626113 0.864971 0.798585 3.940826 0.799438 1.710473 3.847841 0.69046 3.870011 1.781187 1.85956 3.951757 0.57366 0.597775 1.336225 0.489921 0.799009 0.713821
Th 0.000972 0.001854 0.042453 0.065353 0.021337 0.068297 0.007855 bdl 0.697122 0.136766 0.42656 0.179076 0.051694 0.001075 0.046555 0.063251 0.019819 0.023698
U 0.000447 0.000552 0.013776 0.050879 0.036713 0.261067 0.049289 0.010204 0.755262 0.359742 0.126943 0.051508 0.017285 0.002002 0.078457 0.011159 0.003912 0.004435
Calculated
K 1306.64 1301.793 1370.594 #VALUE! 11964.24 2236.426 1352.809 0 21951.99 1778.212 17293.15 #VALUE! 5807.177 3395.284 18056.19 0 1494.698 1331.658 4258.626 #VALUE! 3381.715 2109.929 4387.005
P 16.41271 25.03018 17.33588 #VALUE! 14.94483 14.82749 10.50229 0 #VALUE! #VALUE! #VALUE! #VALUE! 43.64903 333.8173 #VALUE! 0 12.56973 #VALUE! 36.79129 #VALUE! 20.92348 19.04023 16.6544
Ti 658.1862 652.067 641.2002 #VALUE! 598.7367 623.1915 622.6315 0 315.9256 621.5148 439.5278 #VALUE! 607.5427 561.6145 262.1872 0 518.8019 481.0699 884.45 #VALUE! 671.2023 615.3306 524.4081
J13 SV cores J13 SV rims J16 SV cores J16 SV rims E6 (635m) HR cores E6 (365m) HR rims






spot E16_07.d plag1 coreE16_09.d plag2 coreE16_11.d plag3 core E16_08.d plag1 rimE16_10.d plag2 rimE16_12.d plag3 rim 605_07.d plag1 core605_09.d plag2 core605_11.d plag3 core 605_08.d plag1 rim605_10.d plag2 rim605_12.d plag3 rim 600_07.d plag1 core600_09.d plag2 core600_11.d plag3 core 600_08.d plag1 rim600_10.d plag2 rim600_12.d plag3 rim
Trace elements (ppm)
Li 0.488738 0.310535 bdl 0.991317 1.20105 0.287588 4.525957 3.25661 4.774962 3.108956 4.303312 3.174946 4.610151 3.920712 4.271969 2.031197 3.497324 4.488095
Be 1.293154 0.083913 0.226723 0.437895 0.325152 0.250134 0.270845 0.452476 0.329049 0.636225 0.823222 0.85107 0.243074 0.255861 0.261142 0.335078 0.191188 0.490687
Sc 0.644518 0.535842 0.555141 2.637117 3.566888 0.472304 0.433637 0.411189 0.392752 0.326093 0.602421 0.520519 0.4706 0.358772 0.448816 0.343797 0.537973 0.390302
V 4.05589 4.013739 3.4174 21.63471 40.69035 3.860488 4.164546 1.883505 4.436257 1.676296 5.34561 4.386407 4.020843 3.863591 3.73505 3.100676 10.7681 2.820073
Cr bdl bdl bdl 8.999412 0.853749 bdl bdl bdl bdl bdl 0.697657 0.918692 bdl bdl bdl bdl 1.664528 bdl
Mn 55.86362 31.05187 28.64755 138.2984 168.1479 22.97189 16.92536 72.06871 34.46262 91.05986 41.03426 68.06513 24.82194 31.9334 18.50871 18.23659 33.11655 53.35368
Co 0.614591 0.079785 0.135395 2.288486 4.420623 0.144817 0.063587 0.298943 0.169368 2.25558 0.380648 0.182312 0.085441 0.118126 0.079871 0.327657 0.641972 0.181143
Ni 1.396361 0.428681 bdl 4.340139 7.867226 0.516539 bdl 2.170059 0.750769 9.669854 1.502968 0.385236 0.495647 0.252118 bdl 1.005462 2.735862 0.599598
Cu 0.616816 0.404805 0.211099 38.93797 3.839213 1.155051 0.603131 3.544782 1.695057 1.487824 1.432945 1.661184 2.242445 0.220733 0.645872 3.849299 1.966336 1.186741
Zn 5.229087 5.350729 4.86944 7.630465 29.32608 5.606329 3.138955 3.12912 3.324829 10.67007 5.267468 3.564396 3.060587 3.274704 2.314826 6.758805 12.93599 5.543648
Ga 21.65211 20.5301 23.18202 20.87845 23.56525 21.33931 24.36479 30.44331 24.18135 35.02528 27.9943 24.90771 24.33938 25.6486 25.20216 28.00764 26.29812 28.20909
Ge 0.870643 1.049909 1.156755 1.043215 0.71619 bdl 1.156967 1.079153 1.107453 0.888396 0.791868 0.931242 bdl 1.070239 bdl 1.107763 1.473383 bdl
As 0.462309 bdl bdl 0.608405 0.523426 bdl bdl bdl bdl 0.469843 bdl bdl bdl bdl bdl bdl bdl bdl
Rb 13.84189 7.057058 11.47406 49.17457 13.12833 9.857848 3.233363 35.53103 2.209118 11.22446 6.877382 14.57031 2.652295 2.808956 1.819887 4.299575 2.9526 9.600935
Sr 510.3108 593.8418 687.9685 771.793 733.3656 552.5953 712.7103 623.443 744.8997 754.6225 801.8497 704.2318 798.7013 807.466 729.0492 852.8843 760.1339 868.9833
Y 4.83932 0.141023 0.224413 3.052729 2.502403 0.166831 0.130506 0.374548 0.124122 0.184709 0.60178 0.36175 0.205767 0.130934 0.105755 0.14272 0.166613 0.196572
Zr 53.7577 0.108897 1.112103 11.41282 17.92319 0.233521 0.212786 7.553086 0.146622 0.630495 2.905324 2.048844 0.260894 0.098297 0.06194 0.101607 0.418089 0.144291
Nb 6.742126 0.026877 1.147179 1.130719 8.294833 0.339696 0.018105 0.648457 0.026654 0.058276 1.129681 0.299277 0.092177 0.021305 0.009033 0.021276 2.478636 0.04185
Ba 89.68571 45.04269 118.5611 211.923 199.5943 81.71345 88.10706 446.236 83.14001 782.916 161.0186 210.6613 99.86027 117.5751 89.54098 188.4475 105.8837 214.6692
La 6.266677 0.904163 1.966045 7.291079 5.239335 1.184927 1.5317 12.58528 1.554851 7.894388 2.779028 3.429379 1.769417 1.780647 1.423109 2.569207 1.788432 3.343737
Ce 11.55674 1.307485 2.906456 12.36884 8.388047 1.880805 2.216395 11.9385 2.145698 8.378706 4.503406 4.653246 2.555804 2.430996 2.155754 3.299712 2.617369 4.279827
Pr 1.089783 0.139808 0.250302 1.132509 0.855779 0.172958 0.200176 0.734375 0.19379 0.600251 0.404141 0.424714 0.242576 0.213855 0.211023 0.295517 0.248757 0.347274
Nd 3.609297 0.473086 0.815898 4.070352 3.273576 0.631297 0.637985 1.847907 0.736723 1.714621 1.378163 1.345241 0.931634 0.735952 0.687702 0.890445 0.978966 1.276115
Sm 0.718224 0.096208 0.117348 0.710163 0.645332 0.098761 0.098285 0.211749 0.062888 0.173447 0.197547 0.2024 0.124632 0.104502 0.108907 0.079194 0.13772 0.14377
Eu 0.628893 0.473521 0.556572 0.90457 0.901705 0.556274 0.596798 1.403751 0.606009 1.991787 1.49309 1.528608 0.739355 0.637804 0.575539 1.01359 0.936563 1.37202
Gd 0.664462 0.047243 0.086814 0.626625 0.525899 0.059881 0.060796 0.11574 0.093144 0.095093 0.150734 0.111927 0.096351 0.073257 0.113181 0.083935 0.097713 0.107393
Tb 0.116709 0.003888 0.010296 0.078308 0.079545 0.006973 0.006882 0.015861 0.006109 0.008009 0.023835 0.015439 0.008919 0.005919 0.006881 0.007141 0.00442 0.009734
Dy 0.823001 0.045431 0.045361 0.498248 0.549378 0.023396 0.027889 0.085057 0.034749 0.047937 0.138637 0.0781 0.057409 0.04631 0.019339 0.02608 0.037473 0.045545
Ho 0.176277 0.006685 0.005955 0.108488 0.09416 0.007114 0.007233 0.013022 0.004634 0.005899 0.029148 0.008911 0.007191 0.003152 0.003328 0.003707 0.004771 0.007936
Er 0.571063 0.031914 0.013549 0.275758 0.247152 0.027128 0.01834 0.054752 0.017511 0.01845 0.07034 0.019596 0.013797 0.011219 0.005071 0.00958 0.004586 0.013147
Tm 0.090148 0.000928 0.004344 0.036522 0.030907 0.002156 0.001559 0.004636 0 0.003358 0.007707 0.004465 0.000375 0.001682 0.001079 bdl 0.002885 0.001652
Yb 0.704682 0.006345 0.019402 0.265573 0.228293 0.023171 0.004501 0.038724 0.006364 0.009898 0.070582 0.023172 0.009157 0 0.008223 0.011746 0.006695 0.013689
Lu 0.105553 0.001317 0.002011 0.028056 0.038961 0.000433 0.001482 0.002513 0.000436 0 0.004327 0.001412 0.000772 0 0 0.001009 0 bdl
Hf 0.927741 0.002389 0.021801 0.28104 0.389577 0.004705 0.006527 0.213004 0.004688 0.018696 0.040124 0.062786 0.012606 0.009091 0.002884 0.002705 0.023312 0.005811
Ta 0.345622 0.001751 0.063649 0.106171 0.46704 0.011522 bdl 0.061976 0.00251 0.003501 0.026471 0.013636 0.004794 0.000861 0.000514 0.001036 0.135707 0.004126
Pb 1.56952 0.608149 0.610352 1.073543 1.65218 0.924704 0.863251 2.423928 1.32595 3.611205 1.818895 1.822449 0.674973 0.523248 0.501678 9.730075 1.082936 1.194579
Th 1.61542 0.010248 0.021235 0.832364 0.32225 0.023261 0.000956 0.286518 0.003663 0.036625 0.362741 0.069618 0.006958 0.000469 0.00202 0.006569 0.027392 0.005642
U 0.359763 0.00349 0.004094 0.13305 0.078323 0.00764 0 0.078449 0.001997 0.008582 0.086312 0.022941 0.002935 bdl 0 bdl 0.009538 0.001927
Calculated
K 2379.318 1506.658 1748.661 #VALUE! 6355.112 2639.696 1689.342 0 1062.526 8605.25 1406.166 0 5216.749 1622.839 4135.174 0 1435.875 1616.861 1213.962 0 1943.138 1169.367 2871.303
P 13.89891 #VALUE! 9.62848 #VALUE! 120.0993 53.94866 13.34741 0 12.84177 17.49862 11.5942 0 29.04984 21.26103 14.47278 0 #VALUE! 12.40089 #VALUE! 0 22.73429 #VALUE! 17.72539
Ti 493.8351 388.1698 462.0373 #VALUE! 922.9162 2743.385 403.1432 0 499.6206 541.759 520.1552 0 670.8148 728.7295 583.4034 0 500.3847 591.3089 492.413 0 764.1722 910.093 797.7576
E16 (683m) HR rimsE16 (683m) HR cores 605m HR cores 605m HR rims 600m HR cores 600m HR rims






spot 595_07.d plag1 core595_09.d plag2 core595_11.d plag3 core 595_08.d plag1 rim595_10.d plag2 rim595_12.d plag3 rim 590_07.d plag1 core590_09.d plag2 core590_11.d plag3 core 590_08.d plag1 rim590_10.d plag2 rim590_12.d plag3 rim \SP_07.d plag1 core\SP_09.d plag2 core\SP_11.d plag3 core \SP_08.d plag1 rim\SP_10.d plag2 rim\SP_12.d plag3 rim
Trace elements (ppm)
Li 0.569544 0.804245 0.309332 1.104195 0.849731 0.668757 3.402421 55.28514 2.298389 1.644814 1.206469 2.661708 0.754742 0.635335 0.451255 0.991499 2.661704 0.248588
Be 0.263003 0.148593 0.150729 0.359882 0.650251 0.248203 0.634012 0.423803 0.145365 0.249153 0.266939 0.309439 0.219974 0.134413 0.258745 0.815948 1.692742 0.19011
Sc 0.407488 0.393448 0.344623 3.415541 0.287242 0.366935 0.496478 36.61204 0.582054 0.375352 0.351803 0.956001 0.464376 0.479216 0.579088 0.483617 6.715101 0.993774
V 3.536114 3.908211 4.123125 21.71405 2.098845 4.147906 4.199157 24.30866 5.049756 3.96282 3.720193 7.781112 3.83708 3.809892 3.968662 4.617577 48.63776 8.746646
Cr bdl bdl bdl 15.80088 bdl bdl bdl bdl bdl 0.555901 bdl 8.990451 bdl bdl bdl 4.072038 2.167125 1.771906
Mn 38.05264 58.24317 35.12352 129.27 51.79642 73.47141 155.1135 1713.675 112.5168 80.3442 32.32124 174.1534 13.06637 11.93948 15.17216 22.85569 236.4236 16.87899
Co 0.263569 0.158076 0.205641 1.479156 7.497085 0.313974 1.25577 bdl 0.491352 0.36185 0.464166 0.788369 0.109127 0.136927 0.150319 0.605801 7.193558 0.426331
Ni bdl bdl 0.292902 3.883947 7.233898 0.953556 4.741211 18.26449 1.943701 0.574993 1.243274 2.410943 0.667364 0.998776 0.525181 3.226026 32.58032 1.633963
Cu 1.905476 2.36711 2.15884 0.877152 177.9139 2.325308 4.430637 318.2466 1.344694 0.677924 3.964248 2.235492 7.119539 4.439851 3.072114 12.94255 48.14279 2.071139
Zn 5.613938 4.614667 5.817921 7.795501 14.05413 5.656008 9.686338 339.252 5.712046 6.562288 8.30317 8.468689 3.29525 2.371232 3.239546 10.38488 20.07309 5.162403
Ga 25.13724 21.64737 20.97573 23.59156 26.83117 22.10432 21.76696 222.0857 20.13911 25.52399 25.56618 23.78047 23.47153 22.95908 22.16659 24.07668 24.83854 25.77619
Ge 0.871356 bdl bdl 0.733894 bdl bdl 1.176053 bdl 1.175746 0.644785 1.357585 0.852563 0.774588 1.180528 0.776856 bdl 1.076076 1.212028
As bdl bdl bdl bdl 0.569917 bdl 0.339708 bdl bdl bdl 0.559397 2.241293 bdl bdl bdl bdl 0.586144 bdl
Rb 6.618462 4.540349 3.822555 5.357506 5.478135 7.796522 43.29205 524.6585 22.43556 18.91137 7.739073 37.39342 3.529554 2.001546 4.829354 9.308396 3.891081 3.433202
Sr 659.6619 568.7716 530.4924 613.4727 783.1408 593.2152 459.5804 3236.824 487.8607 509.7857 499.1079 428.1189 615.3234 601.675 617.6347 629.3991 530.6324 685.2793
Y 0.145458 0.13838 0.281281 0.905174 0.247566 0.156236 1.689281 41.89521 0.38713 3.729245 1.547414 1.730456 0.205945 0.131512 0.447744 0.258025 17.03233 0.308531
Zr 0.188733 0.506307 0.420914 3.286334 1.203119 0.564527 26.95523 345.3577 1.972723 1.302246 37.46998 24.57621 0.417416 0.054941 2.105979 2.348744 71.55155 0.899247
Nb 0.075561 0.09905 0.385073 0.26772 0.633332 0.131865 7.162774 82.65218 0.473903 0.17242 9.170321 5.986716 0.098773 0.014054 0.207418 1.432302 1.256898 0.080896
Ba 107.026 58.20499 41.22067 92.50648 295.1173 64.1955 88.74704 1871.387 53.5265 122.3924 99.3683 92.75614 101.3874 74.46138 97.85404 111.1183 86.63182 130.3117
La 1.801806 1.357591 1.225353 2.115271 3.523669 1.353255 2.269595 57.619 1.191233 5.040921 2.598987 2.442315 2.171918 1.632255 2.408814 2.397186 12.25157 2.247673
Ce 2.455908 1.856736 1.805215 3.126784 4.298385 1.927655 3.426434 118.7012 1.812022 9.590881 3.62904 3.848624 3.034731 2.1434 3.467588 3.358323 28.15744 3.074588
Pr 0.215642 0.185584 0.169295 0.313193 0.356979 0.185397 0.346873 11.86408 0.184069 1.13233 0.313625 0.364071 0.259375 0.205463 0.330039 0.308712 3.376975 0.275383
Nd 0.815544 0.631424 0.690978 1.205889 1.133642 0.641672 1.06443 34.55751 0.733097 5.262027 0.989673 1.196529 0.949462 0.65423 1.067712 1.003042 14.59328 0.98455
Sm 0.104514 0.090663 0.120774 0.199123 0.188305 0.07663 0.203283 5.661067 0.097223 1.035375 0.195045 0.27268 0.08812 0.095128 0.162216 0.126274 3.654409 0.131938
Eu 0.620534 0.458131 0.481319 0.625154 1.375791 0.49614 0.748011 10.58931 0.558665 0.970962 0.687259 0.783474 0.677429 0.496594 0.612584 0.875072 1.366771 0.849265
Gd 0.058144 0.058325 0.08262 0.235549 0.09394 0.047651 0.213082 6.209029 0.110065 1.108884 0.094589 0.252926 0.083942 0.107074 0.108032 0.105939 3.692007 0.115845
Tb 0.006238 0.006815 0.007951 0.029161 0.010915 0.003934 0.038167 3.040936 0.01645 0.135033 0.024001 0.030067 0.010474 0.00406 0.017643 0.00862 0.53116 0.017848
Dy 0.043228 0.016853 0.06286 0.207902 0.045498 0.018745 0.263123 14.42168 0.060032 0.852648 0.205565 0.286088 0.033967 0.018991 0.10286 0.052693 3.616015 0.062066
Ho 0.005165 0.00698 0.008629 0.031187 0.011607 0.007766 0.057449 0.811677 0.016863 0.126875 0.052524 0.057952 0.008186 0.003663 0.023082 0.011603 0.631919 0.013538
Er 0.016299 0.016108 0.023006 0.098367 0.022129 0.013727 0.170525 9.356971 0.041845 0.342563 0.210324 0.214625 0.021436 0.009833 0.064047 0.027889 1.960163 0.04132
Tm 0.002225 0.001632 0.003204 0.009216 0.003465 0.000518 0.03339 0.25991 0.002643 0.029209 0.031521 0.028535 0.001698 0.002136 0.002587 0.003638 0.249205 0.005572
Yb 0.012852 0.00766 0.015766 0.075972 0.017587 0.004851 0.272909 5.087422 0.028359 0.198379 0.245365 0.182663 0.012519 0.004017 0.055367 0.025198 1.620838 0.018028
Lu 0.000555 0.003308 0.001113 0.008457 0.003184 0.002062 0.033004 1.250497 0.001771 0.022653 0.027228 0.026305 0.000425 0.000427 0.005252 0.000397 0.220256 0.003441
Hf 0.005861 0.017384 0.011425 0.089183 0.022262 0.025019 0.597058 27.92208 0.047613 0.031165 0.553511 0.505695 0.007006 0.002341 0.060767 0.035881 1.952737 0.03384
Ta 0.004919 0.005915 0.014607 0.017445 0.02475 0.009487 0.325176 12.12168 0.022608 0.006792 0.428003 0.2389 0.002177 0.000424 0.015762 0.05689 0.173003 0.003791
Pb 0.436149 0.382083 0.462647 0.922498 2.695834 0.519816 1.45704 107.7887 0.587668 1.089286 0.84688 0.803279 1.502954 0.71821 1.897006 3.000628 3.20959 1.035959
Th 0.001312 0.007701 0.020133 0.09089 0.059494 0.003218 0.801809 9.042679 0.067375 0.122551 0.844192 1.238964 0.014456 0.001016 0.02957 0.026566 0.655477 0.029034
U bdl 0.000621 0.01126 0.020851 0.02223 bdl 0.21306 6.254133 0.023611 0.025275 0.417413 0.40218 0.00333 0.002391 0.006027 0.008249 0.076477 0.005688
Calculated
K 1284.688 801.7065 803.8021 0 1022.889 1646.924 1153.926 0 4083.951 10656.28 2427.21 0 2787.805 1431.378 4195.216 0 1468.004 997.5623 1569.841 0 2649.863 1053.635 1470.904
P #VALUE! 8.912485 #VALUE! 0 10.43495 19.95621 11.46657 0 #VALUE! #VALUE! #VALUE! 0 371.0775 16.76357 13.93593 0 11.30733 8.562761 14.60022 0 16.43713 37.84146 18.28658
Ti 612.6638 415.1902 410.1588 0 804.4704 780.0292 424.0736 0 591.7104 1986.137 453.3584 0 671.9999 659.5818 634.7894 0 447.0667 436.6543 477.1641 0 553.1121 2231.505 716.4037
590m HR cores 590m HR rims Swinburn Peak HR cores Swinburn Peak HR rims595m HR cores 595m HR rims






Sample G15 (491m) G15 (491m) E3 (620m) E3 (620m) E6 (635m) E6 (635m) F2 (640m) F2 (640m) E12 (645m) E12 (645m) E15 (660m) E15 (660m) J12 (660m) J12 (660m) E16 (683m) E16 (683m) SP (727m) SP (727m)
Core Rim Core Rim Core Rim Core Rim Core Rim Core Rim Core Rim Core Rim Core Rim
SD (5) SD (5) SD (5) SD (5) SD (5) SD (5) SD (5) SD (5) SD (5) SD (5) SD (5) SD (5) SD (5) SD (5) SD (5) SD (5) SD (5) SD (5) 
SiO2 52.09 0.19 53.34 0.24 51.80 0.11 53.50 0.19 52.19 0.09 54.90 0.25 52.06 0.09 55.02 0.23 52.40 0.14 55.48 0.25 51.90 0.10 54.66 0.23 52.03 0.08 55.30 0.19 52.26 0.05 54.10 0.22 51.70 0.11 53.80 0.22
TiO2 0.00 0.01 0.00 0.00 0.18 0.02 0.00 0.11 0.00 0.11 0.00 0.12 0.00 0.00 0.00 0.11 0.02 0.04 0.01 0.00 0.01 0.12 0.01 0.04 0.00 0.06 0.02 0.00 0.00 0.04
Al2O3 30.30 0.22 29.50 0.24 30.37 0.27 29.10 0.21 30.10 0.24 28.50 0.22 30.15 0.24 28.30 0.18 30.30 0.17 27.90 0.20 30.20 0.14 28.50 0.18 29.90 0.19 28.17 0.14 30.10 0.14 28.90 0.16 30.20 0.14 29.40 0.18
FeO 0.27 0.02 0.72 0.00 0.33 0.01 0.69 0.00 0.29 0.00 0.45 0.00 0.31 0.00 0.42 0.01 0.28 0.00 0.45 0.00 0.30 0.00 0.41 0.01 0.26 0.01 0.47 0.00 0.24 0.00 0.64 0.02 0.35 0.01 0.71 0.00
MnO 0.02 0.00 0.00 0.00 0.02 0.00 0.01 0.00 0.01 0.03 0.01 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.03 0.00 0.06 0.00
MgO 0.10 0.03 0.02 0.00 0.01 0.07 0.00 0.12 0.00 0.10 0.00 0.15 0.02 0.01 0.14 0.03 0.01 0.76 0.02 0.00 0.00 0.00 0.06 0.06 0.00 0.11 0.04 0.06 0.02 0.10 0.06
CaO 12.80 0.14 11.80 0.16 13.01 0.17 11.60 0.14 12.93 0.12 10.80 0.19 13.18 0.12 10.99 0.24 13.20 0.09 10.62 0.25 13.10 0.10 10.93 0.21 12.88 0.07 11.10 0.27 12.40 0.06 11.60 0.32 13.07 0.18 11.75 0.26
Na2O 3.10 0.06 4.20 0.06 2.90 0.05 4.40 0.04 3.40 0.03 5.20 0.02 3.74 0.03 5.10 0.06 3.80 0.04 5.21 0.04 3.40 0.01 5.31 0.05 3.63 0.01 5.22 0.06 3.34 0.01 4.80 0.04 3.74 0.01 4.60 0.07
K2O 0.39 0.08 0.21 0.10 0.34 0.04 0.24 0.12 0.35 0.07 0.42 0.15 0.34 0.07 0.41 0.18 0.36 0.06 0.44 0.16 0.33 0.07 0.47 0.17 0.36 0.10 0.40 0.20 0.28 0.04 0.30 0.26 0.30 0.17 0.35 0.34
CrO 0.01 0.00 0.00 0.00 0.00 0.09 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00
Total 99.08 99.77 98.93 99.53 99.44 100.59 100.03 100.39 100.34 100.35 99.07 100.77 98.73 100.53 99.42 100.75
SD indicates the Standard Deviation (in parenthesis number of the averaged measurements)
Appendix D - Geochemical database of chapter 8
Cooling history of the Swinburn volcanic body: Whole-of-unit-scale investigation 
SEM-EDS analysis of host rock (HR). Plagioclase major elements:  
Sample G15 (491m) G15 (491m) E3 (620m) E3 (620m) E6 (635m) E6 (635m) F2 (640m) F2 (640m) E12 (645m) E12 (645m) E15 (660m) E15 (660m) J12 (660m) J12 (660m) E16 (683m) E16 (683m) SP (727m) SP (727m)
Core Rim Core Rim Core Rim Core Rim Core Rim Core Rim Core Rim Core Rim Core Rim
SD (5) SD (5) SD (5) SD (5) SD (5) SD (5) SD (5) SD (5) SD (5) SD (5) SD (5) SD (5) SD (5) SD (5) SD (5) SD (5) SD (5) SD (5) 
SiO2 47.92 0.20 48.50 0.18 48.00 0.25 49.50 0.18 49.53 0.21 52.20 0.25 50.20 0.15 51.80 0.23 49.90 0.18 52.00 0.27 50.28 0.14 51.30 0.30 50.45 0.12 51.20 0.27 48.10 0.15 48.60 0.22 47.80 0.10 48.50 0.17
TiO2 2.67 0.03 2.30 0.02 2.40 0.06 2.10 0.02 1.72 0.07 1.20 0.06 1.40 0.03 1.00 0.04 1.55 0.04 1.30 0.04 1.62 0.04 1.21 0.06 1.72 0.02 1.40 0.04 2.40 0.01 2.13 0.03 2.69 0.04 2.40 0.02
Al2O3 5.44 0.05 4.68 0.06 5.20 0.04 4.30 0.06 3.44 0.08 2.90 0.05 3.49 0.04 3.06 0.02 3.70 0.02 3.00 0.08 3.91 0.02 3.40 0.10 3.63 0.02 3.40 0.04 5.00 0.00 4.50 0.04 5.20 0.02 4.69 0.03
FeO 9.21 0.04 11.06 0.04 9.00 0.05 10.90 0.04 7.60 0.03 8.20 0.01 7.40 0.02 8.60 0.01 6.93 0.01 8.40 0.06 7.20 0.01 8.60 0.08 7.20 0.03 8.80 0.02 9.00 0.03 11.01 0.05 9.20 0.06 11.50 0.01
MnO 0.16 0.01 0.45 0.02 0.18 0.02 0.40 0.02 0.31 0.01 0.22 0.02 0.30 0.02 0.24 0.01 0.29 0.02 0.20 0.02 0.26 0.02 0.25 0.04 0.30 0.01 0.21 0.06 0.16 0.04 0.39 0.01 0.14 0.01 0.42 0.02
MgO 12.30 0.30 10.00 0.28 12.60 0.32 10.20 0.28 14.20 0.24 13.00 0.34 14.20 0.30 13.40 0.40 14.08 0.35 13.39 0.44 13.75 0.26 13.00 0.34 13.65 0.31 12.50 0.32 12.50 0.28 10.50 0.31 12.60 0.23 9.80 0.31
CaO 21.97 0.24 20.99 0.32 22.07 0.28 21.10 0.32 22.50 0.22 21.44 0.36 22.80 0.27 21.60 0.34 22.60 0.31 21.50 0.41 22.60 0.20 21.70 0.36 22.70 0.34 21.50 0.38 22.03 0.25 21.02 0.36 21.93 0.27 20.98 0.26
Na2O 0.47 0.05 0.82 0.01 0.48 0.04 0.73 0.01 0.35 0.02 0.54 0.02 0.37 0.06 0.54 0.06 0.40 0.07 0.55 0.04 0.38 0.04 0.56 0.07 0.37 0.04 0.52 0.03 0.45 0.01 0.75 0.04 0.48 0.02 0.81 0.03
K2O 0.03 0.00 0.04 0.00 0.03 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.01 0.00 0.06 0.00 0.00 0.56 0.00
CrO 0.17 0.00 0.00 0.00 0.00 0.00 0.00 0.46 0.00 0.00 0.58 0.00 0.28 0.00 0.48 0.00 0.00 0.33 0.00 0.00 0.08 0.00 0.00 0.00 0.63 0.00 0.00 0.00
Total 100.34 98.84 99.96 99.26 99.63 99.70 100.61 100.24 100.03 100.61 100.50 100.01 100.39 99.53 99.70 98.91 100.68 99.66
SD indicates the Standard Deviation (in parenthesis number of the averaged measurements)
Appendix D - Geochemical database of chapter 8
Cooling history of the Swinburn volcanic body: Whole-of-unit-scale investigation 
SEM-EDS analysis of host rock (HR). Clinopyroxene major elements:  






Sample 605m 605m 600m 600m 595m 595m 590m 590m
Core SD (5) Rim SD (5) Core SD (5) Rim SD (5) Core SD (5) Rim SD (5) Core SD (5) Rim SD (5) 
SiO2 51.16 0.14 51.53 0.24 51.87 0.19 50.32 0.28 48.09 0.31 48.22 0.27 49.49 0.14 49.30 0.22
TiO2 1.37 0.02 1.46 0.03 1.10 0.03 2.01 0.10 2.51 0.10 3.14 0.06 1.82 0.02 2.37 0.04
Al2O3 3.15 0.05 2.55 0.01 2.50 0.01 3.06 0.12 5.35 0.06 4.45 0.04 4.35 0.02 3.48 0.04
FeO 7.18 0.06 8.84 0.09 6.89 0.05 9.02 0.09 8.25 0.10 10.44 0.15 8.19 0.13 10.19 0.02
MnO 0.12 0.01 0.15 0.06 0.09 0.02 0.19 0.07 0.14 0.05 0.21 0.05 0.20 0.01 0.16 0.06
MgO 14.95 0.29 13.50 0.39 15.34 0.34 13.25 0.42 13.01 0.39 11.43 0.41 13.55 0.34 12.66 0.24
CaO 22.04 0.24 22.01 0.32 22.05 0.30 21.92 0.40 21.88 0.26 21.53 0.27 21.67 0.20 21.23 0.26
Na2O 0.35 0.02 0.71 0.07 0.35 0.08 0.60 0.10 0.50 0.07 0.85 0.16 0.41 0.12 0.57 0.09
K2O 0.01 0.00 0.01 0.00 0.00 0.00 0.03 0.00 0.02 0.00 0.02 0.00 0.00 0.00 0.04 0.00
CrO 0.39 0.00 0.02 0.00 0.33 0.00 0.00 0.00 0.28 0.00 0.00 0.00 0.39 0.00 0.02 0.00
Total 100.75 100.80 100.79 100.02 100.02 100.34 100.07 100.11
SD indicates the Standard Deviation (in parenthesis number of the averaged measurements)
Appendix D - Geochemical database of chapter 8
Cooling history of the Swinburn volcanic body: Vertical section investigation 
SEM-EDS analysis of host rock (HR). Clinopyroxene major elements:  













Collection Number (OU) Field Number Rock Type 1 Rock Type 2 Sample Type 1 Sample Type 2 Sample Type 3 Analysis performed
85828 E3 basaltic Main rock + VL + Pyr.*** h.s.* t.s./br.** SEM-EDS + LA-ICP-MS 
85829 E5 basaltic Main rock h.s. t.s./br. powder SEM-EDS + WHOLE ROCK 
85830 E6 basaltic Main rock h.s. t.s./br. SEM-EDS + LA-ICP-MS 
85831 E9 basaltic Main rock h.s. t.s./br. powder SEM-EDS + WHOLE ROCK 
85832 E12 basaltic Main rock h.s. t.s./br. SEM-EDS 
85833 E14 basaltic Main rock h.s. t.s./br. powder SEM-EDS + WHOLE ROCK 
85834 E15 basaltic Main rock h.s. t.s./br. SEM-EDS + LA-ICP-MS 
85835 E16 basaltic Main rock h.s. t.s./br. powder SEM-EDS + WHOLE ROCK + LA-ICP-MS + ISOTOPIC 
85836 F2 basaltic Main rock h.s. t.s./br. SEM-EDS 
85837 F10 basaltic Main rock h.s. t.s./br. SEM-EDS + LA-ICP-MS 
85838 G15 basaltic Main rock + Pyr. h.s. t.s./br. SEM-EDS + LA-ICP-MS 
85839 J12 basaltic Main rock h.s. t.s./br. powder SEM-EDS + WHOLE ROCK + LA-ICP-MS + ISOTOPIC 
85840 S. PEAK basaltic Main rock h.s. t.s./br. SEM-EDS + LA-ICP-MS 
85841 STOP3 basaltic Main rock h.s. t.s./br. powder SEM-EDS + WHOLE ROCK 
85842 605 basaltic Main rock h.s. t.s./br. SEM-EDS + LA-ICP-MS 
85843 600 basaltic Main rock h.s. t.s./br. SEM-EDS + LA-ICP-MS 
85844 595 basaltic Main rock h.s. t.s./br. SEM-EDS + LA-ICP-MS 
85845 500 basaltic Main rock h.s. t.s./br. SEM-EDS + LA-ICP-MS 
85846 A2 basaltic Quarry rock h.s. t.s./br. powder SEM-EDS + WHOLE ROCK + ISOTOPIC
85847 A3 basaltic Quarry rock h.s. t.s./br. powder SEM-EDS + WHOLE ROCK + ISOTOPIC
85848 D10 basaltic Quarry rock h.s. t.s./br. powder SEM-EDS + WHOLE ROCK 
85849 J19 basaltic Quarry rock h.s. t.s./br. powder SEM-EDS + WHOLE ROCK 
85850 DYKE basanitic Rangefront L. h.s. t.s./br. powder SEM-EDS + WHOLE ROCK + LA-ICP-MS
85851 F1B basanitic Rangefront L. h.s. t.s./br. powder SEM-EDS + WHOLE ROCK 
85852 H8 basanitic Rangefront L. h.s. t.s./br. powder SEM-EDS + WHOLE ROCK + ISOTOPIC
85853 I5 basanitic Rangefront L. h.s. t.s./br. powder SEM-EDS + WHOLE ROCK + ISOTOPIC
85854 I15 basanitic Rangefront L. h.s. t.s./br. powder SEM-EDS + WHOLE ROCK 
85855 L4 basanitic Rangefront L. h.s. t.s./br. powder SEM-EDS + WHOLE ROCK 
85856 L14 basanitic Rangefront L. h.s. t.s./br. powder SEM-EDS + WHOLE ROCK 
85857 L15 basanitic Rangefront L. h.s. t.s./br. powder SEM-EDS + WHOLE ROCK + ISOTOPIC
85858 A6 basaltic Vesicular L. h.s. t.s./br. SEM-EDS + LA-ICP-MS 
85859 C2 basaltic Main rock h.s. t.s./br. SEM-EDS + LA-ICP-MS 
85860 C8 basaltic Vesicular L. h.s. t.s./br. SEM-EDS + LA-ICP-MS 
85862 G17 basaltic Vesicular L. h.s. t.s./br. SEM-EDS 
85863 G7 basaltic Vesicular L. h.s. t.s./br. SEM-EDS + LA-ICP-MS 
85864 Z6 basaltic Main rock h.s. t.s./br. SEM-EDS 
85865 C6 basaltic Main rock (SV)**** h.s. t.s./br. SEM-EDS 
85866 C7 basaltic Main rock (SV) h.s. t.s./br. SEM-EDS + LA-ICP-MS 
85867 D5 basaltic Main rock (SV) h.s. t.s./br. SEM-EDS + LA-ICP-MS 
85868 F11 basaltic Main rock (SV) h.s. t.s./br. powder SEM-EDS + WHOLE ROCK + LA-ICP-MS
85869 J13 basaltic Main rock (SV) h.s. t.s./br. SEM-EDS 
85870 J16 basaltic Main rock (SV) h.s. t.s./br. SEM-EDS + LA-ICP-MS 
85871 J20 basaltic Main rock (SV) h.s. t.s./br. SEM-EDS + LA-ICP-MS 
85872 JJ3 basaltic Main rock (SD) h.s. t.s./br. powder SEM-EDS + WHOLE ROCK + LA-ICP-MS
85873 JJ4 basaltic Main rock (SV) h.s. t.s./br. SEM-EDS + WHOLE ROCK + LA-ICP-MS
85875 B13 basaltic Pyroclastic rock h.s. t.s./br. SEM-EDS + LA-ICP-MS 
85876 B14 basaltic Pyroclastic rock h.s. t.s./br. SEM-EDS 
85877 C10 basaltic Pyroclastic rock h.s. t.s./br. SEM-EDS 
85878 C13 basaltic Pyroclastic rock h.s. t.s./br. SEM-EDS 
85879 D12 basaltic Pyroclastic rock h.s. t.s./br. SEM-EDS 
85880 D13 basaltic Pyroclastic rock h.s. t.s./br. SEM-EDS 
85882 E3 basaltic Pyroclastic rock h.s. t.s./br. SEM-EDS 
85883 G15 basaltic Pyroclastic rock h.s. t.s./br. powder SEM-EDS + LA-ICP-MS 
85884 Z1 basaltic Pyroclastic rock h.s. t.s./br. SEM-EDS 
85885 Z6 basaltic Pyroclastic rock h.s. t.s./br. SEM-EDS 
85886 Z9 basaltic Pyroclastic rock h.s. t.s./br. SEM-EDS 
85887 REMELTED SCHIST Schist Greenschist h.s. t.s./br. SEM-EDS 
**Thin section (t.s.) / briquette (br.)
*Hand specimen (h.s.); 
***Vesicular lava (VL) / pyroclstic (Pyr.)
****Segregation vein (SV) / domain (SD)
 
  Indipendentemente ioh c’ha Fiji! 
 
